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-, ABSTRACT

- The external nucleate pool-boiling heat-transfer coeffi-

cient of a horizontal smooth copper tube in R-114-oil

mixtures (0 to 10 percent oil) was measured for heat fluxes
from 1 to 100 kW/21 at two different'saturation temperatures
(-2.2 6C and 6.7 oc). A copper-nickel tube coated with the

Union Carbide "High Flux coating was similarly tested. The
High Flux coating was found to improve the heat-transfer

coefficient by at least a factor of 7 in oil-free R-114. Oil

resulted in about a 20 percent reduction of the heat-
transfer coefficient of the High Flux surface at heat fluxes

less than 30 kW/m2 and up to an 80 percent reduction at heat
fluxes above 30 kW/m2 with greater than 6 percent oil.

Under all conditions, the High Flux coated tube outperformed

the smooth copper tube. (.. *-, -
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I. INTRODUCTION

1. BACKGROUND

'The U.S. Navy currently uses refrigerant R-114 in

centrifugal chilled-water air-conditioning plants aboard
submarines and surface ships. The Navy hopes to reduce the

size of these units and increase their performance by using

enhanced evaporator and condenser surfaces. An experiment

by Arai et al. [Ref. 1] produced a prototype 200-Ton E-12

centrifugal water chiller that was 28 percent shorter in

length and had a 50-70 percent improvement in the overall

heat-transfer coefficient by employing the enhanced surface

"Thermoexcel E" made by the Hitachi Company. Comparisons of
various enhanced commercial tubes by Yilmaz and Westwater

[Ref. 2], Marto and lepere [Ref. 3], and Carnavos [Ref. 4]
for various refrigerants other than R-114 indicated that a

porous-coating-enhanced surface, such as Union Carbide's

"High Flux," will exhibit the best boiling heat-transfer

performance in a pure refrigerant.

The High Flux surface (see Figure 1.1) consists of a

sintered metallic matrix bonded to a metallic substrate.

The surface is produced by coating a smooth tube with a

binder-solvent mixture and then applying a mixture of metal

and braze alloy powder; the tube is placed in a furnace to

evaporate the solvent, binder, and melt braze alloy thus

forming a porous structure having multiple reentrant cavi-
ties to enhance nucleation. [Ref. 5]

Since the High Flux surface will be emiloyed in a
refrigeration unit using an oil-lubricated, hermetically-

sealed, compressor, some amount of oil is always present in

the evaporator. Studies by Henrici and Hesse [Ref. 6] for

10
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Figure 1.1. Schematic and Scanning Electron Micrograph
(500x) of High Flux Surface.



smooth tubes and Stephan [Ref. 7] for the Gewa-T surface

(manufactured by the Wieland Company) in R-114-oil mixtures

indicate that the beat-transfer coefficient of enhanced

surfaces can be significantly altered by oil.

Experimental data showing the effect of oil concentra-

tion on the heat-transfer coefficient of the High Flux

surface in 1-114 are lacking, thus motivating the present

investigation. This investigation was funded by the David

W. Taylor Naval Ship Research and Development Center.

Details of the experimental apparatus are described by

Karasabun [Ref. 8]. The smooth copper tubes were supplied

by the Wieland Company. The High Flux coated copper-nickel

tubes were supplied by the Union Carbide Corporation.

B. TMESIS OBJECTIVES

The objectives of this thesis are:

1. Take boiling data on a smooth tube in R-114 with and

without oil for comparison with the data of otter

researchers, and to provide baseline data for evalu-

ating the boiling performance of the High Flux tube.
2. Take boiling data on a High Flux tube for various oil

concentrations (0 to 10 percent by mass). -

3. Study the effect of saturation temperature on the

.-114 boiling behavior.

4. Attempt to sample oil locally in the near vicinity of

a tube to investigate the possibility of an oil

concentration gradient around the tube during

operation.

12
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II. REVIE. OF REFRIGERANT-OIL MIXTURE BEHAVIOR -I

2 . NUCLEATE BOILING OF REFRIGERANT-OIL MIXTURES FROM SMOOTH

TUBES

In 1963, Stephan [Ref. 9] published a milestone paper on

the influence of oil on the boiling heat transfer of R-12.

The effects he noted have been observed in most refrige-

rants, including R-114. In 1972, Henrici and Hesse [Ref. 6]
updated Stephan's work for R-114-oil mixtures boiling from a
smooth copper tube. Figures 2.1 and 2.2 summarize Henrici

and Hesse's results. Figure 2.1 shows that oil generally

lowers the heat-transfer coefficient, and that at high heat

fluxes and high oil concentrations (10 percent), the effect
grows more pronounced (slope decreases). Figure 2.2 shows

that at some oil/heat flux combinations, the heat-transfer

coefficient may actually be improved by the addition of oil.

Chongrungreong and Sauer [Ref. 10] suggest that the heat-

transfer behavior of refrigerant-oil mixtures can be attrib-

uted to 5 major factors: 1) the physical properties of the

refrigerant-oil mixture, 2) the saturation temperature (or

boiling pressure), 3) the tube diameter, 4) the surface

condition of the tube (roughness), and 5) the hydrostatic

liquid head above the tube.

1. P cal Pro~erties

Refrigerant-oil mixtures have significantly

different physical properties than pure refrigerants.
Jensen and Jackman [Ref. 11] report that density and
specific heat behave ideally in refrigerant-oil mixtures,

but that viscosity and surface tension do not. Ideal

behavior of refrigerant-oil mixture density and specific

13
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Leat does not mean linudr behavior. The governing equa-

tions are:

I - 1C (2.1)

Pm Pot PrX

and

C -( - C) prt + C Pot (2.2)

where subscripts:

P= density 1 = liquid

C = oil concentration = mixture

c D = specific heat o = oil

r = refrigerant

Jensen and Jackman report that current refrigerant-oil

mixture viscosity equations substantially underpredicted

their experimental data. No predictive equation has been

suggested for the surface tension of refrigerant-oil

mixtures, though Jensen and Jackman developed a correlation

for R-113-oil mixtures.

Henrici and Besse [Ref. 6] experimentally determined

the surface tension for the B-114-oil mixtures that they
used in their 1971 experiment. As shown in Figure 2.3, the

surface tension of the mixture first decreased up to an oil

concentration of 2.5 percent, and then increased continu-

ously with increasing oil concentration. This type of non-

linear behavior makes explaining the change in heat-transfer

coefficient of refrigerant-oil mixtures, due to the changing

physical properties of these mixtures, both difficult, and

16
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possibly non-general. The behavior of refrigerant-oil
mixtures is specific to the particular mixture components,

and may be dependent upon the kind of oil being used. Some

qualitative consequences of adding oil to a refrigerant,

however, can be noted.

The most observable result of adding oil to refrige-

rants is foaming. Oil concentrations above 1 percent result

in significant amounts of foaming from nucleate boiling.

The foam bubbles form because the R-114 in the R-114-oil

mixture is more volatile than oil and vaporizes first,
creating a gas bubble surrounded by an oil-rich layer (see

Figure 2.4). Since the bubbles are coated with oil film
with a higher surface tension than the bulk liquid and a

have lower density, they rise to the top of the liguid.

Because of their surface tension, the bubbles build up on
the liquid surface to produce a foam layer.

This foaming action, which is most pronounced
between 1-10 percent oil concentration [Ref. 6], may affect

the heat transfer of tube bundles significantly. For single

tubes, it is the oil concentration gradient which would seem

to play the major role, since the foam rises away from the
tube surface and could only interact with the tube as it
sweeps by it from the bottom to the top of the tube.

The general decrease in the heat-transfer coeffi-
cient upon adding oil to pure refrigerants (recall Figure
2.1) is subject to many explanations. Thome [Ref. 14], in
an extensive review of the literature, reports that the
first explanation for the decrease in the heat-transfer

coefficient of mixtures was presented by Van ijk et al. in
1956. The effect was explained as being the result of the

evaporation of the more-volatile components, leaving an

oil-rich layer with a higher local boiling point, which

increases the amount of superheat required to continue

vaporization and bubble growth, thus reducing the

18
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heat-transfer coefficient. Stephan and Preusser [Ref. 12]

demonstrated conclusively that the work of formation of

bubbles in a mixture is greater than in an equivalent pure

fluid. They concluded that the mixture heat-transfer coef-

ficient is lower than for the equivalent pure fluid because

of the resulting decrease in the bubble population. Any

variation from a decreasing mixture heat-transfer coefficent

(like Henrici and Hesse show in Figure 2.2) is attributed by

Stephan [Ref. 13] to the non-linear variation of the phys-

ical properties. Stephan proposes that the plot of surface

tension (Figure 2.3), along with thermal-property varia-

tions, accounts for the anomalous rise in the heat-transfer

coefficient between 3-6 percent oil concentration.

Chongrongeong and Sauer (Ref. 10] state that it is the rate

of heat diffusion, governed by the thermal properties of the

oil-rich layer, that limits the bubble growth and that the

surface-tension effects are neglible.

Thome [Ref. 141] proposes that all of the above
factors, as well as the viscosity variation, are important

in explaining the rise in the heat-transfer coefficient for

some refrigerant-oil mixture and heat-flux combinations.

In summary, all researchers agree that the physical

and thermal properties of a refrigerant-oil mixture are

important factors in explaining the heat-transfer behavior

of mixtures.

2. Saturation Temperature

It has long been noted that increased saturation

temperature (i.e., increased boiling pressure) increases the

boiling heat-transfer coefficient of surfaces in

refrigerant-oil mixtures. In 1963, Stephan [Ref. 9] found

that at high oil concentrations, the heat-transfer coeffi-

cient of refrigerant-oil mixtures becomes constant with
respect to the saturation temperature. Stephan proposed

20
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that this is because the addition of oil to a refrigerant

introduces a large diffus-ion resistance, and that since the

velocity of diffusion is almost independent of temperature,

so should the heat-transfer coefficient become independent

of temperature at high oil concentration. Figure 2.5 shows

Henrici and Hesse's data on the effect of oil and saturation

temperature in R-114. With no oil, the effect of raising

the saturation temperature is seen to be a rise in the heat-

transfer coefficient. With oil, raising the saturation

temperature is seen to cause a slight drop in the heat-

transfer coefficient. This effect has not been explained

yet.

3. Tube Diameter

Cornwell, Schuller, and Einarsson [Ref. 15] found

that for smooth tube diameters from 6 mm to 30 mm, the

nucleate pool boiling heat-transfer coefficient in pure

refrigerants falls with increasing diameter. The effect of

tube diazeter was correldted by:

Nu = C Re2/3 (2.3)

where

Re = q D

hf , .

N h D-.

k

C =150 for refrigerants

21
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Since equation (2.3) depends on physical parameters, the

effect of oil could be significant. No known measurements

of the effect of tube diameter in refrigerant-oil mixtures

have, as yet, been performed.

4. Surface Condition

Several researchers [Ref. 16, 17, 18] have investi-

gated the effects of surface roughness on the heat transfer

of pure refrigerants. As surface roughness increases, the

heat-transfer coefficient was found to increase due to

increased nucleation. Nishikawa [Ref. 18] reported the

effect of a variety of surface roughnesses in pure B-114

over a range of pressures from 0.294 NPa (42 psi) to

2.94 MPa (420 psi).

5. Hdrostatic Effect

The liquid cclumn above the boiling surface may

generate large static pressures which will increase the

boiling point. For R-114 at 0 OC (32 OF), a 0.3 m (1 ft)

liquid head will raise the saturation temperature about 5 oC

(9 OF). In large machines, this may be a significant

effect. However, for small experimental apparatuses, the

effect is negligible.

B. NUCLEATE BOILING OF REFRIGERANT-OIL MIXTURES FROM

ENHANCED SURFACES

WeLb [Ref. 19], in an extensive review of the evolution

of enhanced surface geometries, notes that the ability of

roughness to improve nucleate boiling performance has been

known for over 50 years. However, it was not until 1968

that the first commercial enchanced surface was patented

[Ref. 20]. Since then, the number of commercial enhanced

surfaces has dramatically increased as the understanding of
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their design and operation has grown. Of the many possible

methods for heat-transfer enhancement, two areas are

currently being commercially developed: 1) fins and surfaces

with reentrant cavities, and 2) porous coatings.

1. Fins and Surfaces with Reentrant Cavities

The ability of surface abrasion, open grooves, and

fins to improve the heat-transfer performance of a smooth

surface was first studied in the 1930's. The main diffi-

culty with using surface abrasion to improve the heat-

transfer performance is that fouling of the surface

eventually returns the performance to that of a non-abradea

surface. Studies in the 1950's and 1960's centered on fins.

Recent comparative studies fcr refrigerants by Carnavos

[Ref. 4] and Yilmaz and Westwater [Ref. 2] found that fins

and grooves result in a 50-100 percent permament improvement

in the heat-transfer performance compared to a smooth plain

tube in the same refrigerant. Webb [Ref. 19], in his liter-

ature review, describes how researchers in the early 1960's

found methods to imprcve the performance of fins by creating

reentrant cavities on their surfaces. Reentrant cavities,

such as shown in Figure 2.6, act as very stable nucleation

sites and thereby enhance the heat-transfer perfcrmance.

For a cavity to function as a nucleation site and remain

active, even after the surface is subcooled, the mouth diam-

eter (D) must fall within a critical range. Also, the

cavity must have a reentrant shape with a maximum reentrant

angle (0). The optimum mouth diameter (D) and reentrant

angle (e) are functicns of the fluid properties.

The Gewa-T surface, patented in 1979 (manufactured

by the Wieland Company), and the Thermoexcel-E surface,

patented in 1980 (manufactured by the Hitachi Company), are

two commercial surfaces which use modified fin shapes to

form the necessary reentrant cavities. Figure 2.7 shows the
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(00 Schematic cross section of the Gewa-T surface

1I) Schematic view of thle Thermoexcel-E surface

Figure 2.7 Surface Details of Geva-T andTheruoexcel-E Reentrant Surfaces.
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details of these tube surfaces. Carnavos [Ref. 4] found that
in pure R-11, the Gewa-T surface outperformed a plain tube

by 100-200 percent and the Thermoexcel-E surface outper-
formed a plain tube by 300-400 percent. Curves 1-5 of

Figure 2.8 show the relative improvement in the boiling
heat-transfer performance of R-11 that can be achieved by
using mechanically produced reentrant cavities. Work
continues to optimize these types of surfaces for the
various refrigerants in use commercially. Both tubes have

been tested in refrigerant-oil mixtures and did not show a

significant decrease in performance [Ref. 1 and 7]. The

cost of these surfaces is not significantly higher than for
smooth plain tubes, and the performance improvement is

dramatic.

2. Porous Coainqs

The second major type of enhanced surface is the
porous boiling surface. Webb [Ref. 19] details the various
production improvements and coating variations that have -

been made to the original 1968 patent by Milton of Union
Carbide. The key to the performance of the porous coatings

is their small reentrant cavities, which are interconnected
by substrate tunnels. The particles used to make the coat-

ings are usually copper or aluminum. According to Webb,

researchers have found that the critical variable is the
pore size rather than the particle size. Large pores are

required for fluids with high surface tension and high
thermal conductivity. Small pores are optimum for fluids
with low surface tension and low thermal conductivity (like
refrigerants). Curve 6 of Figure 2.8 shows the relative
performance of the High Flux surface to finned tubes and

mechanically produced reentrant surfaces. Carnavos [Ref. 4]
found the High Flux surface to be 700-800 percent better
than a smooth tube in R-11. No known studies have been

27
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published on the performance of porous coatings in

refrigerant-oil mixtures. Some studies of the heat-transfer

performance of porous coatings in pure R-114 and

refrigerant-oil mixtures have been made by Union Carbide,

but their results are not found in the open literature.
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III. DESCRIPTION OF EXPERIMENTAL APPARATUS

A. OVERALL APPARATUS

An overall schematic of the experimental apparatus is

shown in Figure 3.1, and a photograph is shown in Figure
3.2. Karasabun [Ref. 8] describes the design, construction,

and operation of the apparatus in detail.

The apparatus consists of two Pyrex-glass tees. Liquid
E-114 is boiled in glass tee (1) and is condensed in glass
tee (2). Gravity drains the condensate from the condenser
back to the boiling section. A water-ethylene-glycol
mixture at -17 OC (1 OF) is pumped through the condenser
cooling coil via a computer-controlled valve (VC) to

condense the R-i 14 vapor. The sump (7) that supplies the
water-ethylene-glycol mixture is cooled by a 1/2-Ton, B-12

air-conditioning plant.
Valve VC controls the R-114 liquid temperature and pres-

sure. Figure 3.3 is a photograph of valve VC and the

computer-controlled motor that operated VC. Opening VC
causes more R-114 to condense and lowers the system Fres-

sure. Also, it returns more subcooled liquid to the boiling
section which lowers the bulk lijuid temperature. Since

data at many heat fluxes was desired for a constant tempera-

ture, it can be seen that changing the heat flux without

adjusting VC would change the system pressure and tempera-

ture. A computer-controlled valve was thought to be the
best way to rapidly return the system to the desired satura-

tion temperature following a heat flux change. Sections

III.E and IV.D describe in more detail the computer-
contrclled valve and the operation of the system with the

computer-controlled valve in use.
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Figure 3.1 Schematic of Experimental Apparatus.
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Figure 3.2 Photograph of Experinental Apparatuso

32



(a) Computer-Controlled Valve.

K (b) Computer for Computer-Controlled Valve.
Figure 3.3 Photographs of Computer-Controlled-ValveEquipment.

33



Oil was added to the liquid R-114 by draining it from a

glass oil cylinder (5). The oil cylinder was refilled as

needed through valve V-2 m the oil reservoir (4).

Two configurations of boiling tubes were tested. Short

boiling tubes were tested to determine the correct assembly

procedure to obtain data on the normal 431.8 mm (17 in.)

long boiling tubes. The short tubes were cheaper to make,

thus more debugging attempts could -be made by testing them.

Section III.C describes the details of the construction of

the short and long test tubes.

B. OIL SAUPLING APPARITUS

Following all data runs, an attempt was made to sample

the local oil concentration in the vicinity of a boiling

tube. Figure 3.4 shows the oil sampling apparatus. By

opening valves S-1, S-2, and S-4, the probe line could be

purged, trapping a sample inside a flexible silicon tube

that was 30.5 mm (12 in.) long with a 3.16 mm (1/8 in.)

inside diameter using pinch clamps. By weighing the sample

tube and then boiling off the R-114 leaving behind the oil, .

the mass percent of oil in the R-11L-oil mixture was deter-

*ined. The mass fraction of oil was calculated by:

tlaqs Fraction = (3.1)
m2 - ml

where

ml = mass of sample line

m2 = mass of sample line + B-114 + oil

m3= mass of sample line + oil (after boiling off R-114)
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A Precisa Model 80 electronic mass balance was used to weigh
the samples. The Precisa Model 80 is accurate to

± 0.0001 g.

C. BOIIIIG TUBE CONS7RUCTION

1. Short Tubes

Figure 3.5 shows the design of the short tubes. The

short tubes were 15.9 mm (5/8 in.) in outer diameter,

12.7 mm (1/2 in.) in inside diameter, and 203.2 mm (8 in.)

in length. The short tubes extended 152.4 mm (6 in.) into

the liquid R-114 from the left end flange. A 25.4 mm (1 in.)

long epoxy plug insulated the right end of the tube. A 1 mm

(0.04 in.) thick copper disk behind the epoxy plug was soft

soldered in place to act as a pressure barrier. The short

tubes were heated by a 500-Ratt 240-Volt stainless-steel

cartridge heater. The heater was 6.35 mm (1/4 in.) in cuter

diameter and 101.6 mm (4 in.) in length.

The first short tube was made from thick-walled

copper tubing. This tube was solid oxygen-free, high
conductivity (OFHC) copper. Four 1.2 mm (3/64 in.) diameter

holes were drilled into the wall of this tube at a diameter

of 12.7 mm (1/2 in.) for thermocouple channels. Since this

tube was solid, and had no sleeve interface, it did not have

an interface resistance. Consequently, it was the reference

tube against which all other tubes were compared to deter-

mine the amount of contact resistance they had.

Six other short tubes were made. Five were made of

soft copper tubing and had sleeves inserted into the tute as

indicated in Table 1. Soft soldering of the sleeves to the

tubes was determined to yield negligible contact resistance

by comparison with the solid tube. The last short tube (7)

was made of 90-10 ccpper-nickel and was coated with High

Flux over the active 101.6 mm (4 in.) long section. This
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/ Sleeve Copper Disk

- >'1 Thermocouple Epoxy

Channel Plug

(a) Sectional view of short tube.

A-A

23
4

.3 I 50.3

(b) Thermocouple sleeve unwrapped (at section A-A) to show

the relative locations of the thermocouple channels

(all dimensions in millimeters).

A-A 1

4 2

(c) Left-end view of the short tube.

Figure 3.5 Sectional Views of Short Boiling Tube.
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A

tube tested the compatibility of the soft-solder-assembly

method with the copper-nickel tube and High Flux coating.

Section V.A describes the results of data taken on the short

tubes and the selection of the soft-solder method of

assembly for the long tubes.

TABLE 1

Summary of Short Tube Assembly methods

Tube Surface Remarks

1 Smooth Solid, thick-walled tube (reference)
2 Smooth Slide-fit 0.005 in. clearance
3 Smooth Slide-fit (0.002 in. clearance)
4 Smooth Press-fit (0.004 in. interference)
5 Smooth Press-fit (0.006 in. interference)
6 Smooth Sof t-soldered
7 High Flux Soft-soldered

2. Iona Tube

Figure 3.6 shows the design of the long boiling

tubes. These boiling tubes were 15.9 mm (5/8 in.) in outer

diameter, 12.7 mm (1/2 in.) in inside diamter and 431.8 mm

(17 in.) in length. The center 203.2 mm (8 in.) was the

active test section. For the copper-nickel tube, the center

secticn was the only portion of the tube that was ccated

with High Flux. The remaining 114.3 mm (4.5 in.) on either

side of the center section were smooth and unheated, and did

not nucleate under any heat flux or oil condition. Karasabun

[Ref. 8] describes how these end-surfaces were treated by

the data-reduction program as an extended fin from the

center section and how their heat loss was accounted for.

The center section was heated by a 1000-Watt

240-Volt stainless-steel cartidge heater. The heater was

6.35 mm (1/4 in.) in outer diameter and 203.2 mm (8 in.) in

length. The heater was surrounded by a copper sleeve with
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eight 1.3 mm by 1.3 ma (0.050 in. by 0. 050 in.) thermo-

couple channels in them. Figure 3.7 shows the details of
the channel layout. The thermocouple hot junctions were

welded to the sleeve. Appendix A describes the calibration

of the thermocouples. The channels were oriented to provide

both axial and circumferential readings of the tube inner

wall temperature. The sleevr was soft soldered to the tube.

The data on the short soft-soldered tube closely matched the

reference solid-tube data, and the short soft-soldered-tube
data matched similiarly with long tube data. The maximum

circumferential wall temperature variation in the long

smooth tubes was 0.80 K (0.31 OF) at 50 kW/m 2 compared to a

solid tule circumferential variation of 0.34 K (0.61 OF).

Section V.A describes in more detail the circumferential

variation of temperature that resulted using the various

tube construction methods. Some axial temperature variation
was experienced in the long tubes, particularly the long
High Flux tube. Non-uniform heat generation from the

cartridge heater is believed to be responsible for the axial
temperature variation. Section V.B descibes in more detail

the long tube axial temperature variation.

D. DATA ACQUISITION AND REDUCTION

A Hewlett-Packard 3497A automatic data acguistion/

control unit was used to read thermocouple outputs and to
read an analog signal representing the current and voltage
supplied to the cartridge heater. A Hewlett-Packard 9826A
computer unit was used to control the HP-3497A and to
analyze and store the data.

Information was entered through the computer keyboard to

prompt the HP-3497A to automatically scan each channel. All

thermocouple measurements were accomplished by 0.245 mm
diameter (30 gage) copper-constantan (type-T) thermocouples.
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(a) View of the boiling tube thermocouple locations as seen
from the front of the experimental apparatus.

A-A

1 Top 5

2 8
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(b) Thermocouple sleeve unwrapped (at section A-A) to show
the relative locations of the thermocouple channels
(all dimensions in millimeters).

LEFT-END VIEW RIGHT-END VIEW

A-A A-A

2 8

3 7

(c) End views of the boiling tube.

Figure 3.7 Long Tube Thermocouple Channels
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A power sensing device, described by Karasabun [Ref. 8],

converted the AC current and voltage values supplied to the

cartridge heater to a 0-5 V analog, DC signal for scanning

by the HP-3497A. Table 2 lists the channel allocations in

the HP-3497A.

Following data acquisition for each point, results were

computed according to the step-wise procedure outlined by

Karasabun [Ref. 8], and summarized in Appendix B. Appendix

B also includes a complete listing of the data-reduction

program (DEP2).

TABLE 2

HP-3497A Channel Allocations

Channel Purpose

25-32 Tube wall thermocouples (location T(1)
to T(8) in long tube, T(5)-T(8) not
used in short tubes)

33 Liquid B-114 thermocouple T(9)34 Backup liquid R-114 thermocouple T(10)
35 R-114 vapor thermocouple T(11T
36 Sump thermocouple T{12)
62 Cartridge heater voltage analog signal
63 Cartridge heater current analog signal

E. CCMPUTER-COITROLIED VALVE

The computer-controlled valve (VC) was a Whitney,

screwed bonnet, regulating valve with 3/8 in. Swagelok

fittings. The valve travel was 10.5 turns from full shut to

full open. The valve handle was replaced by a 101.6 mm
(4 in.) hard rubber disk (seen in Figure 3.3) which was

rotated by the motor pinion gear.

The computer-controlled motor was a General Electric

"Minigear Motor" with a speed of 105.7 rpm and a torque of
3.39 N-m (30 lb-in). The motor direction was controlled by

two sets of Crydom solid-state relays that acted to open,
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shut, or hold the motor depending on signals from the

computer. The computer controlled the amount of time that

the valve was moving. Approximately 3 seconds were required

for the motor to turn the valve one turn.

The flow through the valve was checked by a flow meter

and verified to be aFproximately linear (1 turn = 10 percent - -

flow) for the flows most often used. The valve position was

tracked by a 10-turn potentiometer, which was connected to

the computer-controlled motor by another 101.6 mm (4 in.)

hard rubber disk driven off the motor pinion gear. Hard

rubber disks were used instead of metal gears to avoid

damage to the gear teeth during the program debugging stage.

The rubber disks allowed sufficient slipping when, for

example, the computer sent a valve-open signal even though

the valve was fully open.

The R-114 liquid temperature input to the computer %as

provided by a separate copper-constantan thermocouple

installed in the same liquid JB-114 thermocouple well that
the HP-3497A data acquistion/control unit used. The R-114-

theromocouple emf for the computer was amplified by an Cinega

thermocouple DC millivolt amplifier before input in to the

computer. The data acquisition system and the computer-

controlled valve system were completely independent systems.

The computer used for the computer-controlled valve was

an Octagon Systems SYS-2A microcomputer with an Esprit I

terminal connected via an RS-232C serial port. Appendix C

lists the control program used. The control program was

written in NSC "Tiny EASIC." The control algorithm simulates

a proportional-integral-derivative (PID) controller to vary
the valve opening and shutting times. In the final program,

limits were placed on the numerical value of certain program

variables to prevent register overflow, jamming the valve

fully open/shut, and to lessen the impact of system noise on

the response of the system. NSC Tiny BASIC is limited to
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integers from -32000 to 32000 and fractional numbers are

truncated. The values of the weighting factors (A,B,C) for

the proportional term (E), integral term (I), and derivative

term (D) were determined by trial-and-error.

The control algorithm simplifies to the following lines:

60 Input required temperature R
230 Read R-1T4 temperature M
260 Compute error {E), and change in error (D)
262 Add 1 each loop to integral sum (I) if error is positive
264 Add -1 each loop to integral sum I) if error is negative400 Valve command V=(E/A)+(BiD)+ (I/C)
420 if (7>0) then open valve
430 Otherwise shut valve
540 GCTO 230

Section V.C desribes in detail the system response under
this algorithm. Computer control of valve VC was not used
during the data taking as originally planned. Section V.C
discusses the reasons for this decision.
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1. INSTALIATION OF TUBE IN APPARATUS

Prior to installation in the apparatus, the boiling tube

surface was cleaned with a 2 percent Nital solution (to

remove surface oxidation and oil), rinsed with acetone, and

air dryed. Short tubes tested with and without the above
treatment showed no change in the heat-transfer perfcroance.

The treatment was effective in removing the slight surface

oxidation present following soft soldering without changing

the smooth or High Flux tube performance. Additionally,

following testing with oil, a treatment was needed to return
the High Flux surface to the "no-oil" condition for further

testing.

After installing the tube in the glass tee, the appa-

ratus was evacuated to 29 in. Hg by the portable mechanical
vacuum pump (6) shown in Figure 3.1. System pressure was
measured by a Marsh pressure gage (30 in. Hg to 150 psi

range, ± 2.5 in. Hg and ± 0.5 psi accuracy). The apparatus

was left at vacuum for 2 hours to check for leaks pricr to
each run. No noticabl '- vacuum was observed within

the accuracy of the Next, the system gage

pressure was rais. 1-27 psi), the saturation
pressure of R-114 r , by opening valve V7 (see

Figure 3.1 for t.-- on of the valves). An

Automatic Halogen Leal -, TIF 5000, was used to check

for R-114 leakage. s isitivity of this detector is 3
ppm minimum concentri :,n. After pressure equalization with
the B-114 reservoir t3), the reservoir drain valve (V6) and

condenser return valve (V5) were opened to fill the boiling

tee with liquid R-114.
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Prior to installation, the left end flange had been

scribe marked to indicate the liquid level corresponding to
1600 cc (2500 gin) of liquid R-114 at 21 OC (70 OF). This

was the mass of pure R-114 in the apparatus at the beginning

of the data runs. 7he apparatus was now ready for taking

data.

B. GINERAL OPERATIOU

Table 3 lists the 109 data runs accomplished during this

thesis effort and their purpose. The data runs were

numbered sequentially and preceeded by a 2- or 3-letter

prefix to indicate the tube type. The tube prefixes were:

SS = Short Solid Tube
HF = High Flux lon Tube
WH = Wieland HardC opper Long Smooth Tube
SSF = Short Slide-Fit Tube
SPF = Short Press-Fit Tube
SST = Short Soft-Soldered Tube
SHF = Short High Flux Tube

The short tube runs consisted of 6 data points at 6

different heat fluxes (usually 59, 37, 22, 14, 8, and 5

kW/m2). The normal tube runs consisted of at least 7

different heat fluxes with 6 data readings at each heat flux

(usually 98, 61, 37, 22, 14, 8, and 5 kW/M2 ) with some addi-

tional low heat fluxes investigated for the 0, 3, and 10

percent oil cases to check for the onset of nucleate boiling

and hysteresis in the High Flux surface.

In all cases, the data set was begun by starting the

cooling pump (8) and opening valve VC slightly to slowly

cool the liquid R-114 to the desired saturation temperature.

The P-114 vapor temperature was also monitored and when both

liquid and vapor temperatures were stable (usually after

30-45 minutes), the heat flux would be established, the

saturation temperature reestablished, and the data aquisi-
tion unit was allowed to take data. Usually, the vapor
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TABLI 3

Summary of Data Runs

'Run Tsat No.
No. (oC) Pts Remarks

WHI0 Buts WHO1 to WH1O taken by Karasabun
SPF11 6.7 3 Debug new tube
SPF12 -2.2 6 Press-fit tube 4 (0.004 in. interference)
SPF13 2.2 6 Effect of Tsat
SPF14. 6.7 6 Effect of Tsat
SSF15 -2.2 6 Slide-fit tube 2 (0.005 in. clearance)
SSF16 2.2 6 Effect of Tsat
SSF17 6.7 6 Effect of Tsat
SSF18 -2.2 6 Rotate tube 90 degrees
SSF19 -2.2 6 Study low heat flux error band
SSF20 -2.2 6 Study high heat flux error band
SSF21 -2.2 6 Rota e heater -90 degrees, tube fixed
SSF22 6.7 6 Shift heater and thermocouples
SSF23 -2.2 6 Repeatability
SPF24 -2.2 6 Repeatability
SPF25 -2.2 6 Repeatability
SPF26 -2.2 6 Shift heater and thermocouples
SPF27 -2.2 6 Clean with Nital, acetone, and air dry
SPF28 6.7 6 Repeatabiliti
SSF29 -2.2 6 Slide-fit tue 3 (0.002 in. clearance)
SSF30 6.7 6 Effect of Tsat
SPF31 -2.2 6 Repeatability
SPF32 -2.2 6 Time Variation Study (1 day later)
SP733 2.2 6 Effect of Tsat
SPF34 6.7 6 Effect of Tsat
SS35 -2.2 6 Short Solid Tube
SS36 -2.2 6 Repeatability
SS37 6. 6 Ef ect of Tsat
SPF38 -2.2 6 4 days later
SPF39 -2.2 6 Shift heater and thermocouples
SPF40 -2.2 6 7 days later
SPF41 -2.2 6 10 days later
SS42 -2.2 6 Time Study Solid Tube (no effect)
SST43 -2.2 6 Short soft-soldered tube 6
SST44 -2.2 6 Repeatability
SHF45 -2.2 4 Debug short High Flux tube 7
SHF46 -2.2 5 Study Tvapor superheat
SHF47 -2.2 7 Repeatability
SHF48 -2.2 8 Repeatability
SHF49 -2.2 6 Study hydostatic head (+1 in. level)
SHF50 -2.2 6 -Increase data pts at heat fluxes
SHF51 -2.2 6 -Runs 49-54 form data set
SHF52 -2.2 6 -Each run at different heat flux
SHF53 -2.2 6 -Compare with set 55-60
SHF54 -22 6 End of Set 49-54
SHF55 -2.2 6 Study hydrostatic head (+0.5 in. level)
SH56 -2.2 6 -same as above set 49-54
SHF57 -2.2 6 -same
SHF58 -2.2 6 -same
SHF59 6 -sane

SHF60 .- 6 End of Set 55-60

SHF61 -2.2 6 Install Tvapor radiation shield
SHF62 -2.2 6 Study Tliquid subcoolingSHF63 -2.2 6 Clean.t Hi iFlux w/Nital and acetone'"

SHF64 -2.2 6 _Repeaabil ty
SHF65 -2.2 6 Repeatability
SHF66 -2.2 6 Repeatability

Rotate tube +90 and +180 degrees
SHF68 -2.2 6 Repeatability
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Table 3

Summary of Data Runs (cont'd)

Run Tsat No.No. (0C} Pts Remarks.-

SHP69 -2.2 7 Ajply thermal grease to heater (no effect)
SHF70 6.7 36 E lect of Tsat
SHF71 -2.2 36 Repeatability
SHF72 -2.2 36 Debug oil adaition (0.2 percent added)
SHF73 -2.2 36 Remove and clean tube, add 1 percent oil
SHF74 -2.2 36 2 percent oil
SHF75 -2.2 36 3 percent oil
SHF76 -2.2 36 6 percent oil
SHF77 -2.2 36 10 percent oil
NH78 -2.2 9 Axial/Circumferential variation study
WH79 -2.2 42 0 percent oil decreasing .
NH80 -2.2 11 Rotated tube -§0 and -180 degrees
WH81 -2.2 42 Repeatability (of run WH79)WH82 -2.2 42 0 percent oil, ncreasin qWH83 -2.2 38 Repeatability (o.f run WH82
WH84 6.7 49 0 percent oil, increasing q
WH85 -2.2 66 0 percent oil, decreas.ng q
WH86 -2.2 48 1 percent oil, decreasing q
WH87 6.7 48 1 percent oil, decreasing g
WH88 -2.2 48 2 percent oil, decreasing q
NH89 6.7 48 2 percent oil, decreasing q
WH90 -2.2 36 3 percent oil, increasing q
WH91 -2.2 48 3 percent oil, decreasing q
WH92 6.7 48 3 percent oil, decreasi.ng q
WH93 6.7 48 6 percent oil, decreasing -
WH94 -2.2 48 6 percent oil, decreasing "
WH95 -2.2 61 10 percent oil, increasing q
WH96 6.7 53 10 percent oil, increasing g
WH97 -2.2 66 10 percent oil, decreasing ,q
WH98 -2.2 45 Repeatability (of run WH95)
wH99 6.7 66 10 percent oil, decreasing q.
H1100 -2.2 66 0 percent o4.l, increas4ng g
HF101 -2.2 72 0 percent oil, decreasing q
HF102 -2.2 24 Repeatability (of run HF100 .
HF103 6.7 66 0 percent oil, increas.ng q
HF104 6.7 69 0 iercent oil, decreasing
HF105 6.7 56 Repeatability (of run HF1U0'4.
HF106 -2.2 48 1 percent o i, decreasing
HF107 6.7 48 1 percent oil, decreasing g
HF108 6.7 48 2 percent oil, decreasing q
HF109 -2.2 48 2 percent oil, decreasing g
HF110 6.7 48 3 percent oil, decreasing q
HF111 -2.2 39 3 percent oil, increasing q
HF112 -2.2 72 3 percent oil, decreasing g
HF113 -2.2 48 6 percent oil, decreasing g
HF114 6.6 48 6 percent oil, decreasing g
1F115 -2.2 48 10 percent oil, increasing qHF116 -2.2 72 10 percent oi, decreasing g
HF117 6.7 72 10 percent oil, decreasing q
HF118 6.7 48 10 percent oil, incredsing q
SPF119 -2.2 36 Complete study of time variation SPF

Note: 75 data runs for Computer-Controlled Valve
testing not listed.
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temperature would read higher, up to 2 K, than the liquid

temperature due to the vapor becoming superheated. Ihe
apparatus, though cocled by the R-114, was still hot enough

(60 OF) to superheat the vapor. Measurements of the li'iuid

temperature, system pressure, and vapor temperature (with -- -

vapor probe shielded by a radiation shield) confirmed this.
The liquid temperature best indicated the saturation

temp erat ure.

The HP-3497A data aguisition unit would scan each
channel, compute the heat-transfer coefficient, print the

results (an example printout is shown in Appendix D), and
store the data on the floppy disk.

SeFollowing the taking of all data points, the data set
was statistically analyzed by subroutine STATS to compute

the average heat-transfer coefficient at each heat flux and°
the standard deviation of the 6 data points for a given heat
flux. The standard deviation of the 6 data points was

usually 0.5 percent for the heat flux and 1-2 percent for
the heat-transfer coefficient.

After all data sets at a given oil concentration were

complete, oil was added via valve V1. The oil immediately
dissolved in the R-114. No carryover to the condenser was

noted except for several small drops at 10 percent oil an--
the highest heat flux during the last few data sets.

Foaming occurred with the addition of oil, and increased

with both increasing heat flux and increasing oil ccncentra-

tion. Figure I.1 to 4.3 show photographs at heat fluxes of

30 kW/m 2 and 98 kW/m2 for oil concentrations of 0, 3, and 10
percent. When oil addition was not taking place, the oil

cylinder and reservoir were isolated from the apparatus by

valves V3 and V4 to minimize R-114 absorption by the oil.
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(b) 1 percent oil at 100 kW/m. Foaming begins to appear.

Figure 4.1 Photographs of Boiling and Foaming
at 0 and 1 Percent Oil.
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(a) 3 percent oil at 37 kW/m 2 .

1H '1 7 1 j I

(b) 3 percent oil at 100 kW/M2 .
Figure '1.2 Photographs of Boiling and Foaming

at Percent Oil.
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(a) 10 percent oil at 37 kW/m 2 .

(b) 10 percent oil at 100 kW/m2 .
Figure 4.3 Photographs of Boiling and Foaming

at l0percent oil.



C. SAMPLING OIL

Oil sampling was done at room temperature to prevent the

temperature of the sampling lines from boiling off the R-114

and yielding false readings. The sampling procedure used

was:

1. Weigh the empty flexible sample tubing and pinch

clamps. Connect them to the sampling apparatus.

2. Open S-i, S-4, and set S-2 to position 2 to provide a

purge path for the sample flow.

3. lower the sample container to a height below the

level of the R-114 glass tee.

4. After purging the sample probe and lines, use pinch

clamps to isclate the 304.8 mm (12 in.) flexible

sample tubing and trap a sample. Shut S-i and switch

S-2 to positicn 1.

5. Disconnect the flexible sample tubing and immerse it

in ice to lower its internal pressure below atmos-

pheric pressure.

6. Open S-3 to provide a vent for the purge container

and pour the purge volume back into the boiling tee

by lifting it to a height so that it flows by

gravity.

7. Weigh the sample line (the mass balance used was

accurate to + 0.0001 g).

8. Open a pinch clamp and allow air to warm the sample

line and evaporate off the liquid R-114. Keep the

sample line on the mass balance to collect any drops

of oil that may splatter as the liquid R-114 evapo-

rates.

9. After allowing several hours for the R-114 to evapo-

rate, reweigh the flexible sample tubing.

10. Calculate the mass percent of oil using equation

53
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V. SYSTEM OPERATION AND PROBLEMS

A. CIRCUMFERENTIAL WALL TEMPERATURE VARIATION

Following the construction of the solid, thick-walled,

reference tube, an investigation was begun to develop an

assembly method which would result in negligible contact

resistance between the inner tube wall and the copper

sleeve, and yield data comparable to that for the solid

tube.

Short slide-fit tubes 2 and 3 (see Table 1) had sleeves

that could be slid into the test tube with tube 3 having a

tighter clearance. The slide-fit tubes exhibited a circum-
ferential wall temperature variation of 7-14 K at 50 kW/m2

in pure R-114 boiling at -2.2 OC. This variation matched
data on a similar long tube (with slide-fit sleeve) tested

by Karasabun [Ref. 8]. Tube 2 had an average wall tempera-

ture of 33 OC and tube 3 had an average wall temperature of
25 OC at 50 kW/m 2 . 1he tighter clearance of tube 3 resulted

in a lower contact resistance, and the wall temperature
subseguently dropped. The short solid tube under similar
conditions exhibited a 0.34 K circumferential wall tempera-
ture variation and an average wall temperature of only
10.7 OC. Sauer et al. [Ref. 21], with a similar experi-
mental apparatus, used a mechanically-press-fitted brass
sleeve for obtaining data. Tubes 4 and 5 had copper sleeves
that were mechanically cold pressed into the tube. The
diametral interference was 0.01 mm (0.0004 in.) for tube 4
and 0.015 mm (0.0006 in.) for tube 5. The interface pres-

sure obtained was calculated to be 15.2 IPa (2200 psi) for

tube 4 and 22.8 MPa (3300 psi) for tube 5. During pressing,
the sleeves were lubricated with glycerin (C3 % 03) a
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high-thermal-conductivity compound that, according to

Incropera and Dewitt [Ref. 22], should result in a 10-100

times reduction in the contact resistance when combined with

the ccntact pressures mentioned above.

Tubes 4 and 5 had circumferential wall temperature vari-

ations of 0.9-1.5 K with an average wall temperature of

16.2 OC for tube 4 and 14.7 oC for tube 5 during initial
testing. However, with time, the circumferential wall
temperature variation grew to 5-8 K and the average wall

temperature increased to about 28 OC for both tubes. The

resulting drop in heat-transfer performance is shown in

Figure 5.1. This result is believed to be due to the phencm-

enon referred to as "stress relaxation."

Stress relaxation is a form of creep. The Metals
Handbook (Ref. 23] notes that copper alloys easily undergo a

decrease in stress resulting from transformation of elastic
strain into plastic strain in a constrained solid. The

phenomena occurs even at relatively low operating tempera-

tures (at 25 OC, an 80 percent drop in stress can occur in
200 hours), and is of most concern in applications like

press-fits and solderless wrapped copper connectors. The
time-dependent data of Figure 5.1 appears to be the result
of a dropping press-fit interface pressure yielding a higher

contact resistance, higher inner wall temperatures, and

lower heat-transfer coefficients.

Stephan and Mitrovic [Ref. 7] used a combination of

mechanically press-fit and soft-soldered inner sleeves to

obtain data on the Gewa-T surface in R-114. Soft-soldering
was initially overlooked by this experimenter because the

normal heating method used is an oxy-acetylene torch on the
tube surface. The flame temperatures of an oxy-acetylene

torch are above 800 OC (1500 OF). The resulting oxidation
and heat damage (the High Flux coating melts at 800 OC) to
the High Flux surface was unacceptable. Tests showed
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however, that the inner cartridge heater could be used to

apply a controlled amcunt of heat to melt a low temperature

(melting point 160 OC) solder, while closely monitoring the

tube temperature using the sleeve thermocouples. This

method was used to produce soft-soldered short tube 6 which

showed circumferential wall temperature variations of 0.8 K

and an average wall temperature of 11.5 OC at 50 kW/m2.

Figure 5.2 compares the results of the soft-soldered and

solid tubes. The agreement between the tubes is excellent.

The long boiling tubes matched the short soft-soldered data

very closely.

Tests made by rotating the test tubes 90 degrees and 183

degrees showed that the slight circumferential wall tempera-

ture variation of these tubes was due to the surface charac-

teristics of the boiling tube rather than due to the

thermocouples. Thermocouples located near more active

nucleation sites of the smooth and High Flux surfaces had
slightly lower local wall temperatures. The 0.8 K circum-

ferential wall temperature variation that resulted from

soft-soldering the sleeves of the tubes is much smaller than

the 11 K variation reported by Sauer et al. [Ref. 21], and

is about the same as the 1 K variation reported by Stephan

and litrovic [Ref. 7].

B. AXIAl TEMPERATURE VARIATION OF LONG TUBES

Karasabun [Ref. 8] reported an axial temperature varia-

tion of about 20 K along the inner wall of his slide-fitted

sleeve. Stephan and Hitrovic [Ref. 7] reported an axial

temperature variation of 1 K along the sleeve they used.

The long soft-soldered tubes tested in this experiment

exhibited an axial temperature distribution that varied with

heat flux. Figures 5.3 and 5.4 show the axial temperature
distribution as a function of position along the boiling
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Figure 5.3 Axial leaperature Variation of Smooth Tube.
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surface for the smooth tube and High Flux tube respectively.

The variation at 20 kW/m2 (the heat flux at which Stephan

and Sitrovic cite their 1 K variation) is less than 1 K for

both tubes. The maximum axial temperature variation is 3 K

*. for the High Flux surface at 98 kW/m 2 .

The cartridge heaters used were precision-wound,

ceramic-core, magnesium-oxide-insulated, Incoloy-sheathed

*WATLON FIREBOD heaters. The heaters had 6.35 mm (0.25 in.)

long lava-rock plugs at either end of the heater that
reduced the actual heating length on each end. The heaters

were initially believed to generate a uniform heat flux at

all power settings, but the axial wall temperature data

indicate the heat generation varied with the power level.

Since the axial temperature distribution was fairly

linear over most practical heat fluxes (less than 37 kW/m 2),

the arithmetic average of all 8 wall thermocouples was used

to compute the heat-transfer coefficient. This results in
slightly lower heat-transfer coefficients and is a conserva-
tive estimate of the performance of the High Flux surface.

Appendix E analyzes the resulting error in the heat-transfer

coefficient from using the arithmetic average for calcu-
lating the heat-transfer coefficient.

C. CORPUTER-CONTROLlED VALVE

Figure 5,5 shows the system response to closing valve VC
manually and the improved response of the system when using

the computer-controlled valve. By correctly cycling the
valve between open and shut, the system saturation tempera-

ture could rapidly be changed. Establishing a stable equi-
librium temperature after a large valve movement was,

however, difficult during the initial testing of the appa-

ratus. The extensive trial-and-error testing for the

correct weighting factors of the proportional, integral, and
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derivative terms resulted-in a large data base concerning

the saturated system operating characteristics and a large

amount of practice for the operator in manual control of

valve VC following unsuccessful computer-ccntrolled

transients.

Manual operation of valve VC was done in conjunction

with the section of the data-reduction program (lines 1890

to 2485 of program DEF2 listed in Appendix B) that monitored
the saturation temperature and the rate of change of satura-

tion temperature continuously. It was found that, because

of the better temperature resolution of the HP-3497A data

acguisition unit, with manual operation and a trained oper-

ator, temperature transients could be maintained within

± 0.02 K. This was a much tighter control band than was

possible with the ccmputer-controlled valve because of the

poor resolution of its temperature sensing input from the
Omega thermocouple DC millivolt amplifier. Additionally,

after much practice and experience, the manual method was

found to be as fast as, or faster than the use of computer-

controlled valve.
To obtain the highest accuracy data in the shortest -

period of time, computer-control of valve VC was abandoned.
Section VII.B includes recommendations for further improve-

ments to the computer control system to restore its

usefulness.
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Figure 5.5 System Response to a Transient with
Computer-Cont rolled Valve.
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VI. RESULTS AND DISCUSSION

A. BCILING PERFORMANCE OF SMOOTH TUBE

Figure 6.1 shows the nucleate pool-boiling performance

of the smooth copper tube in R-114. The behavior with no

oil represents typical nucleate pool-boiling performance.

From point A to point B, a continuous increase in wall

superheat (Two-Tsat) is observed when heat flux is

increased. No bubbles were observed in this region of the

- curve as this region represents natural convection. At

point B, incipient nucleate boiling occurs. From point B to

point C (or C' for 10 percent oil), a reduction in wall

superheat is observed while the heat flux is continucusly

increased. This region is known as the nixed-boiling

region, where transition from natural convection to nucleate

pool boiling takes place. In this region, the heated

portion of the tube began to activate an increasing number

of nucleation sites, while the unheated ends showed no

bubbles. In fact, the unheated ends underwent only natural

convection, due to axial conduction of heat along the tube

wall, at all heat fluxes. The transition from natural

convection to nucleate boiling occurred rapidly when there

was no oil present. The surface would burst into nucleate

boiling in less than a second after the first nucleation

site became active. At point C (or C'), all the available

nucleation sites were apparently active. After point C, the

wall superheat again increases with increasing heat flux as

shown in region C-D. In region C-D, no new nucleation sites

were seen to become active. Instead, the bubble departure

rate increased. When the heat flux is decreased after having

established complete nucleate boiling, the curve follows a
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different path (point D to point E). The existence of

stable nucleation sites, which remain active over a wide

range of heat fluxes, results in better heat-transfer
performance than in natural convection, resulting in a lower

wall superheat.

The effect of adding oil is, according to Stephan
[Ref. 9], to introduce a mass diffusion resistance and lower

the heat-transfer coefficient. As seen in Figure 6.1, in
region A-B, both the 3 and 10 percent curves were lower than
the 0 percent oil curve. The 3 percent oil curve is lower
than the 10 percent oil curve probably because of the non-
linear physical property variations of refrigerant-oil

mixtures. The non-linear variation of surface tension (see

Figure 2.3) would not seem to be responsible for this
anomally. The curves in region A-B support the contentions

of Chongrungeong and Sauer [Ref. 10] and Thome [Ref. 14]
that the non-linear variation of physical properties of
refrigerant-oil mixtures, other than surface tension,

explains the heat-transfer behavior of refrigerant-oil

mixtures. The effect of adding 10 percent oil was to delay

the transition to cczplete nucleate boiling on the tube.

With 10 percent oil, the surface developed patches of

nucleation sites that spread slowly with increasing heat
flux, until they covered the entire surface (point C').

Region El-E (or D'-E) shows that oil increased the wall

superheat slightly for 3 percent oil and significantly for
10 percent oil. Again, this agrees with the concept of an
increased mass diffusion resistance by the addition of oil.

Figure 6.2 shows the heat-transfer coefficient of the

smooth tube in R-114-oil mixtures as a function of heat
flux. The curves show the heat-transfer coefficient of the
smooth tube in region D-E, after complete nucleate boiling

has been initiated. The effect of adding less than 6
percent oil is seen to be small (about a 10 percent
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reduction in the heat-transfer coefficient). However, an

oil concentration of 10 percent causes a more significant
drop in the heat-transfer coefficient (from 0 to 35 percent

depending on the heat flux).

Figure 6.3 shows more easily the degradation that oil
causes in the boiling heat-transfer performance of the

smooth tube. This figure plots the heat-transfer coeffi-

cient of the smooth tube relative to the heat-transfer coef-

ficient in pure R-114 as a function of oil concentration.
The effect of oil can be seen to depend also on the heat
flux. Oil can be seen to generally degrade the performance

of the smooth tube, except at heat fluxes less than 5 kW/m 2

and oil concentrations between 2 and 8 perzent. This

behavior was also seen by Henrici and Hesse (see Figure

2.2). Since this curve shows the heat-transfer performance

in region D-E, with complete nucleate boiling, the non-

linear variation of the physical properties of refrigerant-

oil mixtures, including surface tension, again probably

accounts for this anomalous behavior. Since no measurements

of the physical properties of the R-114-oil mixture were

made during this investigation, any possible non-linear

property variations of the mixture used are unknown,

requiring future work.

B. BOILING PERFORNANCZ OF HIGH FLUX SURFACE

Figure 6.4 shows the nucleate pool-boiling performance
of the High Flux surface in R-114-oil mixtures. The small

magnitude of the wall superheats obtained during nucleate

boiling should especially be noted. The High Flux surface
in pure R-114 showed typical natural-convection region (A-B)

behavior. The incipient point (B) occurred at much lower
heat fluxes and superheats than for the smooth tube as shown
earlier. The transition to nucleate boiling (B-C) was
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similar to the smooth tube, occurring very rapidly (less

than 1 second). Nucleate boilng from the High Flux surface

results in a drop of the wall superheat by about a factor of

10. This is due to the extremely high density of nucleation

sites present on the High Flux surface. From the low heat

" fluxes (1-10 kW/m 2 ) at which the transition to nucleate

boiling occurs, it can be seen that the High Flux coating

also assists in the activation of stable nucleation sites.

Adding oil to the High Flux surface appears to delay the

onset of nucleate boiling (point B wall superheat increases

with increasing oil concentration). However, the transition

to nucleate boiling still occurred very rapidly, even at 10

percent oil. The ralid transition to nucleate boiling (less

than 1 second) on the High Flux surface is probably due to

the interconnected cavities which can assist in nucleating

the entire surface once a single site becomes initially

active. Oil is unlikely to inhibit this characteristic of

the High Flux surface though it apparently delays the

initial activiation of the first nucleation site. As seen

in region D-E, for heat fluxes less than 37 k//m2 , the

effect of adding oil to the High Flux surface, once it has

been nucleating fully, is to cause about a 30 percent

increase in the wall superheat. At heat fluxes in excess of

37 kW/m2 and at 10 percent oil, the wall superheat increased

dramatically. As seen in Figure 6.1, the wall superheat at

a heat flux of 98 kW/m2 and 10 percent oil is about the same

for both the smooth tube and High Flux surface.

Figure 6.5 shows the heat-transfer coefficient of the

High Flux surface as a function of heat flux for various oil

concentrations. Again, oil is seen to degrade the nucleate

pool-boiling heat-transfer performance.

Air-conditioning plants typically operate in the heat

flux range of 10 to 40 kW/m2 with less than 1 percent oil.

In this region of pracical interest, the boiling ..
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heat-transfer coefficient- of the High Flux surface is about

10 times better than a smooth tube. Also, it experiences

only a 20 percent drop in the boiling heat-transfer coeffi-

cient with the addition of oil (1 to 10 percent). This is

seen clearly in Figure 6.6 which plots the heat-transfer

coefficient, relative to the heat-transfer coefficient for 0

percent oil, as a function of oil concentration. From 1 to

10 percent oil at a heat flux of 14 kW/m2, the heat-transfer

coefficient is about 80 percent of the no-oil heat-transfer

coefficient.
Figure 6.6 also shows that the oil-caused degradation of

performance on the High Flux surface is nearly independent

of oil concentration at practical heat fluxes. Only at a

heat fluxof 98 kW/m2 and 6-10 percent oil, does the High

Flux surface experience significant performance degradation.

At high heat fluxes and oil concentrations, the effect of

oil may be to "clog" the interconnecting cavities of the
High Flux surface due to boiling off of the R-114. Clogging

the R-114 surface with oil would prevent replenishment of

the nucleation sites with R-114 liquid, preventing the

nucleation process and leading to higher superheats. The

time-dependent behavior of the High Flux surface in high oil

concentrations and at high heat fluxes was not studied in

this experiment.

C. COMPARISON OF HIGH FLUX TO SMOOTH TUBE BOILING

PERFORMANCE

Figure 6.7 shows the heat-transfer performance of both

the High Flux surface and the smooth tube as a function of

heat flux. Again, the 7-10 times improvement in the heat-

transfer coefficient by the High Flux surface is easily

seen. At extremely high heat flux and high oil combinations,

the High Flux surface performs only sligthly better than the

smooth tube.
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Figure 6.7 also shows that the heat-transfer curves of
the High Flux surface and the smooth tube are not parallel.
At low heat fluxes, the High Flux surface is more effective,

in comparison to the smooth tube, in enhancing nucleation

than at moderate heat fluxes. At high heat fluxes, the

performance of the High Flux coating begins to converge
toward the smooth-tube curve because the surface became

vapor blanketed. This is expected since both tubes should

perform about the same when they are completely vapor

blanketed.

Figure 6.8 shows the relative improvement of the High

Flux surface over the smooth tube as a function of oil

concentration. For the heat fluxes of practical interest in

air-conditioning plants, the High Flux surface is 7-10 times

better than the smooth tube.

D. EIFECT OF SATURATION TEMPERATURE O BOILING PERFORMANCE

As reported by Stephan (Ref. 9], the effect of

increasing the saturation temperature for both the smooth

tube and High Flux surface was increased heat-transfer

performance. Figure 6.9 shows the improvement in heat-

transfer performance in pure R-114 achieved by raising the

saturation temperature from -2.2 OC (28 OF) to 6.7 OC
(44 OF). At high heat fluxes, little improvement is seen in

the High Flux surface performance because the surface is

nearly vapor blanketed with bubbles.

Figure 6.10 shows the effect of saturation temperature

on R-114-oil mixtures. Increased saturation temperature is
again seen to improve the performance of the High Flux

surface as well as the smooth tube, even with 10 percent
oil. This is consistent with the no-oil results, but
contradicts Henrici and Hesse's data (see Figure 2.5).
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E. lOCAl OIL SAHPLIUG EFFORTS

The results of the attempt to sample oil locally near

the boiling tube were inconclusive. The method outlined in

Section IV.C did not produce either repeatable or accurate

results. Checks of the sampling method were made by

sampling the bulk liquid with 0 and 10 percent oil at zero

heat flux. The 0 percent oil check yielded oil concentra-

tions from 0 to 2 percent. The 10 percent oil check yielded

oil sample concentrations from 5 to 25 percent.

Further refinements to the sampling apparatus are needed

to permit an accurate local sample of oil in the vicinity of

a boiling tube. Section VII.B contains recowmendations to

improve the sampling apparatus.

80



VII. CONCLUSIONS AND RECOMMENDATIONS

A. CONCIUSIONS

1. In pure R-114, the pool-boiling heat-transfer coeffi-

cient of the High Flux surface is about 10 times

larger than that of a smooth tube.

2. The High Flux surface began nucleate boiling at low

heat fluxes, about 1 kU/M 2 , compared to a heat flux

of about 10 kM/m2 for the smooth tube.
3. Oil delayed the onset of nucleate boiling with the

High Flux surface.

4. Oil resulted in about a 20 percent reduction in the

heat-transfer coefficient of the High Flux surface
for most practical heat flux (less than 37 kW/m2) and

oil combinations (less than 6 percent).

5. At heat fluxes of 98 kW/m 2 and greater than 6 percent

oil, the performance of the High Flux surface

degraded by as much as 80 percent. The performance

of the High Flux surface was little better than the

smooth tube at 98 kW/m 2 and 10 percent oil.

6. The boiling heat-transfer coefficient of the High

Flux surface was about 7 times better than that of a

smooth tube for oil concentrations from 1 to 10
percent over the range of heat fluxes employed in

air-conditioning plants (10-40 kW/M2).

7. The boiling heat-transfer coefficient of both the

High Flux surface and the smooth tube increased with

increasing saturation temperature. The improvement

decreased at high heat fluxes for the High Flux

surface due to vapor blanketing of the surface.
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8. Local oil sample results were not accurate or repea-

table enough to determine if a variation in the local

oil concentration occurs near a boiling tube.

B. RECOBKENDATIONS

1. The present cartridge heaters should be replaced with

more reliable heaters that will produce a uniform
heat flux axially at all heat loads.

2. A solid copper tube should be coated with High Flux

and tested. Lue to the very small superheats of the

High Flux surface, even a small amount of contact
resistance could affect the data at low heat fluxes.

3. The physical Froperties of the R-114-oil mixtures

tested should be measured to obtain information to

better explain the reasons for the heat-transfer

performance of both the High Flux surface and the
smooth tube. Particularly, the anomalous rise in

heat-transfer performance of smooth tubes when 1 to 6
percent oil is present in B-114 should be studied.

14. A secondary heater should be installed in the boiling

section to keep the total heat input constant. The

heat input to the secondary heater should be

increased when the heat input to the boiling tube is

decreased and vice versa. This modification will
maintain a constant heat load on the condenser and

eliminate the need to operate valve VC, except to set
the saturation temperature at the beginning of a run.

Alternately, the effort to computer control valve VC

should continue by obtaining an accurate thermistor

with a high temperature resolution for use with the

SYS-2A microcomputer. Improved temperature resolu-
tion would allow the computer-controlled valve to

operate properly and free the operator from the

demands of manual control of valve VC.
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5. The performance of a bundle of High Flux-coated tubes

in R-114-oil mixtures should be studied.

6. Data should be obtained on the High Flux surface over

a wider range of temperatures and with oils of

varying viscosities.

7. The High Flux surface should be tested for time- j
dependent heat-transfer performance by taking data

periodically over a long time during boiling.
8. A small oil sample container with valves and a vent

line should be manufactured. The flexible tubing and

pinch clamps used in this experiment did not Froperly

hold or vent the sample.
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APPENDIX A

THRRHOCOUPLE, CALIBRATION

Karasabun [Ref. 8] describes the thermocouple calibra-

tion equipment in detail. Two thermocouples were calibrated.

one was made from wire at the beginning of the roll, theK other from the end of the roll, following the making of all
thermocouples used in the apparatus and tests.

rl Essentially, the manufacturer-supplied calibration equa-

tion for the thermocouple wire, a seventh order polynoial,

was corrected slightly by adding to it a second order curve

fit of the variation of the manufacturer's computed tempera-

ture for a given emf from a known set of reference tempera-

tures (measured using a Hewlett-Packard 28014A quartz -

thermometer with a temperature resolution of ± 0.0001 K and

accuracy of ± 0.03 K).

The manufacturer's emf to temperature conversion equa-

tion is:

T =a 0 + aiE + a2E2 + a3E3 + (A.1)

a E4 +* 5ES + a E6 + a E-

where

T =temperature (OC)

a0 = 0.100860910

a1 = 25727.941369
a2 =-767345.6295

a 78025595.81

a4 = -9241486589

a = 6.97688E+11

a= -2. 661921+13

a7 = 3.94078E+14

E = thermocouple reading (volts)
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Figure A.1 shows the quartz thermometer reading minus

the thermocouple readings (discrepancy) versus temperature.

The two thermocouples agreed to within 0.05 K of each other

and the manufacturer's seventh-order polynomial needed about

a 0.1 K increase to more accurately convert the emf's to the
true temperature. The correcting second-order polynomial

was:

DCP b0 + bi 1+ bT2 (A.2)

where

DCP = discrepancy (K)

b0 = 8.6268968E-2

b = 3.7619902E-31

b = -5. 0689259E-5
2

T = thermocouple reading

(from equation A. 1) (OC)

Thus, the temperatures computed by the data-reduction

program (DRP2) were emf's converted to temperature by equa-

tion A.1 with corrections for that temperature computed by

equation A.2 added to the temperature to get the true

temperature.
Since the data-reduction program utilized differences

between thermocouples in all computations, such as wall

temperature minus saturation temperature, the corrections

above were necessary only for the computation of items

dependent on the absclute temperature, like the fluid prop-

erties. Appendix E describes in detail the uncertainty

analysis and the effect of wall temperature variation on the

computation of the heat-transfer coefficient. Thermocoule
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variations of the soft-soldered tubes were most likely due

to a slight amount of contact resistance and to the surface

characteristics of the tubes tested, since data runs

involving shifting the wall thermocouples did not affect the

data.
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APPENDIX B

DATA REDGCTION PROGRAM

The data reduction program below consists of the

following sections:

Main Program - Menu of subprogram options

Sub Main - Take data or reprocess data

Sub Plot - Plot data on log-log scale

Sub Poly - Ccmpute least-squares curve fit of data

Sub Plin - Plot data on linear-linear scale

Sub Stats - Ccmpute average and standard deviation of data

Subprogram Main consists of the following steps:

1. Create data file for data and plot points.

2. Select tube type.

3. Monitor heat flux or saturation temperature to estab-

lish steady-state conditions.

4. Scan all channels listed in Table 2 and save in data

file.
5. Ccnvert raw ezf's to temperatures, current, and

voltage.

6. Compute the heat-transfer rate for the cartridge

hater.

7. Compute the average wall temperature, the wall super-

heat, and the film temperature.

8. Compute the physical properties of R-114 using given

correlations at film temperature.

9. Compute the natural-convection heat-transfer coeffi-

cient of R-114 for the non-boiling ends of the test

tube.

10. Compute the heat loss from the non-boiling ends.
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11. Calculate the corrected heat flux from the test tube

to the liquid 9-114&.
12. Calculate the boiling heat-transfer coefficient of

the Bl-114 from the test tube.

13. Print data. Store heat flux and wall superheat values

in plot file.

The following is 'a listing of the complete data reduc-

tion program (DRP2) written in Basic 3.-0 for the

Hewlett-Packard 9926 computer.

3010 f r NI'31 (sit:
OP3S' VA IE : l. t obe. !9. 1994

I0233 rR3,i 133;E I
10.30 FIllN 'SI1NG .4N cil~t aotlon, -
325 'ItIii3 LISS 11 NG'X 0 1 I . ig cia td vi re Poce3sing orevicus d~ta*'

3040 1 PiN31 1'3333I 1 SX." 01,111,, la3.3 -nfLc o
331.so lis U~NG 'I, r3it 31 ,g dita on Lnear'~
I0' @e;O Fif Ls I rsr6 64 7 x .I m~ ios-ii coerfil e ...e
30'is 33333111 1 a,
0106. 1F Id' j hO I N tAL L M,,,
is I , 1,0,: 1 33lfE CALl Ill ,

?QI 1 1, 13 1 1 f2 33 4 C't3 t 3 . n
1 0?11 11 113,,. 11'41 N CAIA Ccief

3005 1R M.n

o 3 C.,1 '17. C. I i, ,3l'd6 ,3~l ~ , L.l L. ~ I.,)R

011", PA3 i, q'44 4Fi9A-,,4 i. UG'O-i!7 I3 ~ I I S1 !.93407REfI4

I 4I M 1 h3 3*%O3 l.

33~ 3 3 3 , ; 0
.1 PI FY.'

I ie v~ hii tNl3 ft u li ms, AD I IM 43 M31:1f)D:IIH:MI:SS I' Dateil

I125 33130.

170 1333

I Ie, 3'i333 1117 1C 1 is' F3 ' n,,., V

I IO ('I? 11'

I7h3 1 ell I J~ C rI l31'~li R 01'3 SO Ni 34,3.3) l4 I'll
ri3 13 ; TIC0 33 3

1 :35 Pi.ll

I3Z3 I 3if 0 1 'G I P A NAME FO 3333333 RAW, DATA F hlE' 02i3e

I -or0 3is I3 LIS33J 1101, 'N - file -~e: 1 3 7 ,le

1' 0 334 ', I333) f 33i I 51F fil I I IE tDAl I IZ#
3 75 r' '3 I " Q' IiP it :,

3:',0,) M I -1 t.? IW

:SSA 133 3,3- 333'313'

t 7. 5 A, C i I lt 33 I I , 3 411 e

3 2 7. 3333 3 3)3 ~ 3C o p , O dii cb l e t o D T I C d o e s
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127S BEEP

12'0 INPUTf "6l"i A NAME FRI ilE PLOT FILE' P-'ilel
I2:5 PEEP
1 Z90 INPUT 'INPUT SIZE Or£ FILE BOAT" ,Size:
9Y) CRFATE PO)RT P riles Si:e2!

150 ASSIN WPitE [IT P ftes
OS0 BEEF

1310 INPUt "NE NUMBER Or D)EFECTIVE YES 8.-OEFAIJLTi s-Idtc
315 IF ldtc-B THFN
13"0 LdtcI"S

132S Ldtc2O@
1330 PRINT USING "9X"odefective TCa e.'Ist-""
3275 END IF

1340 IF Idtc-I THEN

345 BEEP
I1SS INPUT "ENTER DEFECTIVE TC LOCATION" ,Ldtcl

355 PRINT USING 16GX,"TC is defective at location "",D"ildtcl

13:60 Ldlc>-0
255 END IF

1370 IF Idlc-Z THEN
I379 BEEP
1300 INPUT "ENTER DEFECTIVE IC L.OCATIONS" .Ldtcl ,Ldtc,-
li9S PRINT USING ISO .""TC ale defective at locations "",D,4F.0",Ldtcl ,LdtC:
139@ END IF
179S IF ldtc2. THEN
1400 BEEP
1405 PRINTER IS I
1410 PEEP
1415 FRI~II TINVALIO ENTRY
420 FRITITER IS 70T
425 GOTO 20S

1470 £110 IF
425 OUTPUT PFilelsLdtclT idlc-

144@0 Is-I oation
1445 ELSE
1450 PFEFP
1455 I.Iu "F V T1lE NAMIE Of THF XVI TIN, DATA FILE" .02 f ileSa
460 PRIN ' 41SING TIGT iflil file cane: "" 14A"I)l2_rfIe$

1470 ENTER @Ftle~iNrun

:475 ENTER SfileZ:;O-ldS
400 BFEP
485 IllPlu I"PIE A NME FOR PLOT FILE" P fie
490 EEP

143S INmPUT " INPUT SITE jr FILE BOAT" Sa:e2'
500 CREATE BOAT PFileS SI:e2
ITS ASSIGN fflot TO P fillt

ISIS (TITERP ile I IP',I id LjIt -7
520 I F LilI c A 0 R I dltc Z 1 11Ith N
525: PINT 'iITI, .I iincoaoe were .lefi-.ti at locations:""230,4k )'I

Ldtcl Ld t c
1930 £110 IF
I 13 ENI E R *Fiie'iltt
1540 E1IT) IF
1545 RINTER I,. 1
I r,, IF iI TIlN
555S [PEEP
I11 FYl PINT ''SI NG ' 4)( "" et tube icon?-
145s5r EdIl w '51iI0ic '5y .-- 0SncII 4 inch Ret'-
I1370 P0 IlJ N'11SIN'J G .- 1""%''l 4 inch 1, I es5itsi
575 PR INT 15160~r '51 '"2'-fT ,odn 4 inch 

7
a -

I V1e F flyN 11I1S I 5? .G 3 .. TI t SlIe 4 im. I. hI1r?1 f LIJ
S05S I OIIJ '1110 'CI 'JiEx ln ltard B .

1,S F PITI IIC ';v, "6 -~T Vi Fo I 19 F 1
'"yo Iri'' itt
16OS IFflit r, TiIFiI

1410 PFET

'FIT r EIN T lI-l'A.T1f) F NTPI

F.5 TSEIl' IF
4G:0 QiiTI'ilT @Filel liI

16G..5 FIXD IF
190 F4IIJIFI4 IS, 0I
Iris5 I1111T U5-INUIR 'I1-,f-. Ti-n: 1 i'll

90 c Jt C dto
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% I46GS I NPUT 'EN T 4 OUTPUT VF Pq ION 0-L0NG I -5140P I 2-NONF. P.ov

45IG5I(i5 - D,met er at I hermc *nle an s It i ns
I b70 DA !A . 0 1 1 425,.0 1 12 .0 1 1 12; .9l' 99..9t1ZZa46 .S1 9540..10965
1675 READO 144.'
GPO DtOla(ltt,

46435
1690' 02-OI4meter of test sect1121 to the bAse of tins
1643S DATA .57,0575?57i.48 .01SP5-.015824..91270
70@4 READ D:at.4

170S 0:-DZa ittl
1710-
1715, Dinixde diameter of *,fe,hnced e',d5

17Z@ DATA .t7.t7.44.42.4; 93.tt2
17-" READ Duj'-
1770 DL-DiL641tt'

1740 1 OcO-.utside diameter of unerndnced ercis
1745 DATA OIS5871,485.485.4524.t8S.484.4'
1750I READ D'oat
1755 Dc~flc-4 ttI

1,691 L-tength of Pecticed jrf,,ce
17L VAIA 1,016-.1016-10136-106-2032-.2 O3: 2

47?5 PEAD LI,4 *

f 7et L-Ca- I fI

1 P101 1, -L ert t of ulentbarice , f-ce at the ends
4735, UDA .0:S4 .02S4 .054. .02,4 . .076 .076..."
4logo PEAT) 1,.,a(
I OVI'S Lu-Lu~a4 itt I

'3 DAIA 3398 344,144.45.344.45 .344
'92S READ t' ust*)

18,15 M4*Po10:0 ZO ),'4
14@4 P'F4-Oc
411 J-1

870 Peoeati
4875 ir 1-0 THEN
I 41P'4 ON IEY 0,15 PFCOVUR 41970
PP35 PPII)Trp is I
4 (41 rf443rd (14' 1 4, 5 EtE( 4 o f41 I ON..

I 3415 rlI I'S4T4 INC? 'GX A~ -0 TAl~,tlA
Iqoo Pp Ira I Is144 mr, ."1=31: 1FAr LU-
41?05 PRINT I I I*C "6xh2'4IE4 T'ot ..

')0 o 'tINI I,1 , 4' ~r,~ IY 44 E4SC4PT

I 1-c IF I.4. 43 ToIlE 2'49S

i I L'3 f9 S T [ !' o

4 ItS C'4'4709, 4IP AFS, At.,,'413
'' o] PrftI
IF.s jnr'IIp Ir i IsI FP (If I REL) ),I,! V-lu

4 lE 'l imT 4' I I X 4* OF 1111:0 '1(4 ,46TI'AL Sblo
17r5 F,,l, 14100

' 44 ' F l' [l'4 A' Z ;

Cop ~vflb~etoDTIC does not

permit fully logiblerpc dif
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05 FOR Ji1 1 5
go9 ENTER 709;E

995
2000 NEXIT Ji
2005 IF 1-1 THEN olSnS

-010 IF I-,' THEfN Amp-[E
2015 NEXT I
2020 Aado.VOIPAMU/lPiW]2L'I
:O'S rF ABS(Aadn-Ooda) Err T1IN

2030 IF Aqda POdp THEN

2035 BEFEP 4000..2

2040 BEEF Q011 Z2
:045 BEEP 4@00- 2
2050 ELSE
2055 RFEPl 250 2

2060 EEP 250,_7

2055 BE EP 250O.2

2075 PRINT UJSING -4X RZ.311F.24X Ml.30E'flqdP.AadO

:2090 WAIT 2
2095 rfTO 1970

2090 FLSE

2099, PEET'

2 100 PR INT 1 N 1)A1 6sx MZ.71'E 2'x 1Zl.7PTE;1),do Aado

2105 ErrSPB50
2110 WAIT2
:'iS rrlIo 170

2f20 Eric IF
zir Elm IF

22101 oFTro

240 IF Ido2: THEN
d14r EEP
21.0 INrPUT "F'JIF DESIRED Ttl Ot0I d

2155 PRINT USINGJP '4x+- P1,e A1. t Rette Tv Rate'""

2170 IliFrj 109 -A AF33 At7 ''115

Zi7S F'lR I- To 3

1. ZIP O(jTli1 709t AS SA'
2 10 FOR JI-I T10

2195S E14lER 709iE Io
2200 515~FI
2205 NJFXT 3i

25 lId-FIJI.lvtFI XI

":r, IF I-,' Tifij T,T10d
22:1 nrr I
225 IF APCliAIIOllI '.2 1J

:2:40 IF At 1IQf~ld rISEN
:-2-; PFF 4000..Z
2250 E(P 4000 .2

22 rFlEE 4000,.2

210Li * F
226 BIF 250 2

Q'0 BEP '1 S o

Etrr' TT

E, A1 'I I I

2:93"11

2709 P~lIJI 11?G A S. 11M1 0 li' "':Ol d 1114 Frr , Er-2
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2720 E L'E
2:25 IF APSiAtid O Id' .1 THEN

Z2@ IF At Id 01id TMEN
23275 BTEEP 3700.

234 BEP 300.
234S ELSE

225 PEP 900, .2
22,r5 ErpPSO, v .2:

2I13 E .ND I F

238S Errl-AtId-Oidl
2770 051d1I=A tIJ

25 ErT 4 -Ol1d:
13h0 711 - T~

2385 PRINT 'US1NG 4X,SIMO.DOI1)(l Dtld,tIldErrlTuErr2

2390 13551 2
2395 COTO 2170
"4@0 EL * E
24053 PEEP
2410 ErlI tId- Oldl

:45Old.I Stld

2420 Er'2-T.,-01 d2

.t2o rR]NT UJSING '4X .S(MDT). lO IS 1 1311I i if I d Ev-i . F-2

242'5W &fIt1 2
244 A . .l O 2170
21415 ENO IF
2 450 END 1'
2456 EMI IF
2160' E~R' rRteP Fri OR Td -IF POI 'IS

2455S IF ho 2 TIel N
241'1 PEEP

7490 F MI ITr

'4101 1eePF MIA1 If 1011lPiT

7-00 INPuTf E'IFT1eLIE '111 Rn

2505 o1IlsPerr 7039, 'rP 0F75 AL3Ir V;'
-5110 n TO I- if) 2z

2515 ClIEU! 729. AS SA'

2525 TOP fl-I TO2

2570 (tITER 709,E

25 40 r lI

-Co4 W EIl I ISM'

2% Il'TrIlT 7L49, ppAN2sr 1 r

2555 FPT~I 11 TO 55

7'70 ENTER -290

557 F I -I 'I 2

?5 F I TIN rM7

25210 Fr1-TENF-u-

51r, 5111SF' 'iv-, II~' 1.1, 1,

:r.@ rn IF

Copy atvailable to DTIC do0-9 not

peimit fully lngiblc 1cp-,oduct'fl



:640 FOR I- TO I'

2645 IF Idfc 0 THEN
2650 IF O44d.1 OR I-I.di2 TIIFN

2655 (I 1--99.99
2660 GOIO 2710
2665 ENO IF
2670 ENO IF
2675 IF Ili 4 THEN

2680 IF 1)4 AND 1.9 THEN

265 Ir l-9-99R
2690 6OTO 2710
Z E 9.; ENO IF
270 END IF
2700 1(

710 NEXT I

2 Is IF Itt 4 TEN

27ZO FOR I-1 10 4
2725 IF I-Ldtcl OR -Ldtc2 THI-N
2710 TwTwa
2775 ELSE
740 T.TCa.r' I

7745 FF10 I

7'55 
1

wa
1

'dd'a 1 4-Idic

27v5 FOp I"i ro 5
-,2770 IF [-I dtc OP ILdt7 THFN

2775 T, e r,.a
70 FI SE

S
T

-' Iw-+f I'

-'90 Frio IF
"2:15 £EI IF

20o T 1 1 ( 'I

20 I1-T1II

2825 IF tt IIl N

- 1 sill l I TIll~ I I t

ElO IF

TJ TF I t I

F0,I .T IF 110'N
'910 I., ll C.,

TAO' 7 F ., t '

•05 Frio IF

'''IC'.I,} i i+'flJH . I I'C11 ll ,?,..Irll WIIli CriNrA'T RESISTANCE !IFtECIEC

12 l Tl. ' ii t ' 
I

I 3 U1 EF

- :, I ri I i-AI I '.RI ' -1 :'A 0 Tt wifE I Frll' -

7 I75 iF I-.'0 rhEN t2I 1 i'.
'I'" If -. l I 111,14 "'fl

fll' IF;it-'"''
. 2'S't] C'IIC'',IF ''AR inl'3 (rEr' IF

i If f I I

'{ ~Copy n V" : '7 ' s' ] 
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"970 COFNCtTfilm)P

:990 N,.Mu',o
:915 Aioha-F'(RhO'Co)
:90 Fr'NI/AIlha
:95) Psao-FNPsst)Tld)
31000'
3005' conrLTE NAMuRAi-CNECT'.E HEAT-TRANSFFR cflFFICIETT

3010, FRo L'NENHANCEI) END'4S)
3015 f~b,)90 q
(34 Z0 Fe1(Hbr4P(KcuAl'.5-t.u

30:S TanhzFNTar.hl Fe)

. 0 ea-r.11511rn67

3040 Y~4 S9r~d'B7

3050 IF APIS(Ihr ibarc l,l'barc 1>80) THtEN
3095, liber.(Fiar-H&Pc 1-.5
3060 0010 3W0e
3065 END IF
:0701
10725' C',MP))TE HFEAT L.05S RATE T1*1000) 'ilrE'4itiNCED END'S

202 QiflherPKcu-A) .N*1)etyh-1anh~l

TO'CPMPI)TE ACNIAL NEAI F1LII AND BOILING C7OEFFICIE.NT

310S Odn-Qc')s5
3)10 Htlibe-Qda'Tmetsb
-115'
)20' PEC0RPD FIME Or DATA IA) ING.
:1,25 IF I-o" II'F')
3170 ?''IFUT 0

0
W10'-

3M'S ENTER 0luS
3)40 EilD 11
314)3'
3150' 0l)IufI (3AM fTI rR141161

POiNTEr, IS .'m

f)6 V I'.0 ET

'17o0 s 0(1) ozimr '10 '-tlo ,et lhr,,ber V(1 ZX ."D'Bull Oil % - D.D,SX .I

)A l Hot, !,O 10
SitS FAINT
311t0 PRIMT 115 1 Ni, 'C, tin: 1 4 5 7

8' niI t l5 lwIx V .C
3,195 PRINT I'IN I0(Ioc Z 8) .lXMI1'. 1fD.' ( I ),T''))lT5,'S)T

'110 Pr(I)'T Ir e'1:1 'ov I.-. )lid d I I ,3ur Pset fSunp~
7149 FP1I1,)1 'INC, -lox,'1I.l' lx)1 *.DI. o..I x .Z!14 , ME'. DD'.2x) MOD.D0 Twa.TId I d .
I 02- I, Psyit Ts,r'
2lo - TA'r)iI '151) Oxt Tht 4b (4tube Oc ...
1205f~ PI N1kI rt -1) pwl moll. 71 10x TI. iE I' MI. 31W- T Ihetfa)' Ht ute Odo

530 [1411 II
3215 IF Ic.') THEN~
I'll IF ),1 THE)),

Sfl Pf; fil
,,,oCI '~joITIE TOY1 "ROM) Pl.* Oli Isat H)t.ie 060, 

T
hetab --

2235 PIP' I)
7'.0 FPlur 'O~~ 7 0 4X D1,2X M110.1)D,2IX,MZ.3TE I 130 Rio (4 Iit 0:Thet

ab

1 :ro Cio if' TE

flC~v IF ItoV)M'

-C.0l ll 2K ' Ii 1((4 T(i (1A11f A 6 1i 0-'01' "1

2 Qt IF 01I- 1 OR) 1- I 1ft I)')) I I'
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3:5 IF 011,- AND In'0 THIE(I OI'TPiIF" *Fjifo od.~(Vr Ir

3:90 IF 1nlI OR 01t1 THENJ 0UIFTIT @Plot4Qdn Thetab

3285 IF 1m0@ THEN
':I@ BEEP
;Z9325 THUTu "WILL THERE BE ANOTHER RUN (IT-V 0N)? .Go.-on

3100 Nrun-J
-TIS; IF Qo-on' -I THEN 33:0

3310 IF Oc-onTI THEN Peon.')
33)5 ELSE
3330 IF .T-Nrun4) THEN Reet
3325 ENO IF

3230 ITF [.G THEN
3735 BEEP
33401 PRIPT USING4 10t <TUIT: .1 d.'te runs were stored in fite -. 1A 4-

DZ-2fi le-
334r, 111S~rlJ 91-ilel to
3!50 ITUIFWI *File~itrun-T

3355 A'9IGN Ofilel TO 01 file$
3750 ENTER *FileliflatS.I. itcl I ,ttc.' [tt

3370 lOPR 1t1 10 Nruri-I

-35 F!)TWP AFiI;so 48,D 1 Veils *I(- or Jr

33'F5 NEVT I
3390 AS$51GIGTI letI TO

.95 PT"trE O UNTTW
34@0 EtN TF

3410 r R I 101110. Ifl), NOTF: .ZZ. v Q~iri were stored in clot date file

100"a I l-P f It. S
W.1S A", 1T1 4FI Ir .e TO
7120 AS I -tN VOIlct TO
342, C:At IS lts

I4T it '"iT I IXhE TO PI11 IDrTA I TY.0N)' 0It
3440 IF 01 I 'I THN
--441 CALL Plot
34i.Q ENt)D F

34601

74AF-,cp IT I (kV 111 (f PRtitFIIT, "ICT111145
3470 rF FNrIt:cul I
74'S' OEHC COFE'!;2@ TO '00
34F0 TI -2i73.11 IC r~ To
34Q'l I' .74 .1

34q0 RP.71TN f

3?00 ['FE SI Nl, T I

3S10 TI1-1.273.1 IS C TO IF

-,SIG M,4.fP-4.4&E35II01I1.47Tt; 1t. O-.3

-X -0 PFTIFN M..i
S,2 Z 1, f N1(1i

3530 VfF r11101 T

.1, -,1 100 71 40P V ('R[IE I, I I Of rCc

!'349 (-MOT$19 1I,659007r II I ' Tilqj - .T 2 -Si. ri- 03E-I0a1 1 3

3'TT1;S PT TI'(-II l'o
-r rvlI NF T1"

%V Pyt F FTIRIol II
r I T I Ir~3 I If'

x- -I.4l I 7rl.O IT 'fi I

~i 0 R, r. 3:.sGI . 141'414-1 1 ~ r.IIT~r7.'l7~.t I92~

700 TIE I I 4-tI Rn

COPY avriilblc to DTIC dco,, not
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-7. 
V-..W%0 -

35SS FNENO
3Mee DEF FfII',l I
3605 -PrpW(TF)'FNMuI I VFNK(TI
3610 RE~TURN Pr
361S FNIENO
3E. 0EV F PNk Tl

3SZ5I T.360 ifW17H 7 IN C

MIS5 RE7LI1N K
3640 FUENO
364S DEF lNranhX)
3650 P-EXPltl
3615S 0.1/P

:665 RETURNI fanh
30370 F NE HU
76*75 OFF FIJI,-. U
73PI0 COil 'cz/ C1

7
),IcaI

3685 T-t0l a
* Z690 FOR 1-1 TO 7

-33S T-T*Cl I i.) -
3700 NJEXT I

37116 -. t333EZT(3lI70I-T' 9.32-539317E *S)

773 -!T 6 6897E-3+ 1 3. 76131)F- 3-T.5. 0Gi53SqE -S I
373S END IF
3710 9ETLIJIN r
37;S F-1010
3740 UEF F1Irie1~ t (

37 60 RFF'R"N Beta
371,S FlIENI
3'70 OFF Furr..ld

17901 RETU2RN TIi.

37P15 FIIFNI
7790 CIFF FliII',at( Tel

3 05'1 TO 817 deg F CIIRI' FIT OlF P,,t

T.171 1 5.4 35TF~l~153S3l7~l.llR44'"lS3E-3*lF.9.lS IE6
W',0 Pg. SS*T S- 71-6)

,,?1r5 IS Pg3 0 FuIEl J -S5~,,ig

30'0 P,..-3 .35A 14.7

71840 AFION Osat

7?1.1 :,10 1 Ont.

Ir'' "('M 'Cr'l,/ A4101 14) C11 llo.o-I ,lng .

IPSO INTUF"R Ij

11P75506115 Er p

kllr3 IlPill I IVF nr;AIII T 'Al Ill' F-Il PI 01 f11 .No t1 d

3I?60c PRIT FF M

3PPO IPINI 11111CS- - 0 i-'' delF'
"19c; PRIMT I S- I W. r '

IIJP1SF11 TPJ *3l I.. *-

Copy olvcilloble to D'flC does not
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39.'S IF [d-.'? THEN

3'934 BEEP
2925 INPUT *ENTE.R N9JRSFR OF CyCl ES FOR X-AXIIS"C.
3940 PEP
3945 114P1? "ENTER NIURER OF CeICIM FOlR v-AX(IS-
3959 PEEP
39R5 IN1PUT *ENTFR MIN X-I)ALLIF 'MULTIPLE OF I@)- $miqn
13650 PEEP
3965 fINPUT 'FNTFR HIN 1-VALUE IM9LTTFLE OF 193
397P ELSE
39/5v IF OccS0 THEN

39950 C.-3

39195 r,i-3g

40110 PIt) IF
4005 IF Op..-l THEN
4096 Cr-3
4615 C.,.3

4675 Y.,,.-I9
dole ENO IF
401S IF 'Vn' THF94
4040 Cv"3
40tA C.-'
40',0 Y,.-903
40qSY-u.0
44'r E10 IF
1091; F290 IF
4070 DEEP
4975 PRINT "IN;SP9,IP'3971,81S6M
dope PRINT "Sc" 0,106 0,9(ITi20
40P5" Sf-l9SIl'C

40'11 PRINT "P ,9 PD"
4109 Nn-9
410S FOR 1.1 in C.i9

C9IS IF 1~-.9 TIIFN Nn";
419"0 FOR .1-1 TI9 tin
417r 7F 1.1 IIIFI PRINT "TI 2 0
We7 IF .1"? T1HE94 PRINtTI"f I oI"

4145 PRITNT 'PA"IX7 .6.X IT.

WA~ ?IFYT I

4950 PRINT 'PA 06 0,P.91-
4165 PRINT 'I'll PA 0.0 PT)"
4170 p,,-q
41715 FOR 1-i TI) ,'
49P9 Y -. **vngn'I6"I-9)
4105% IF I '(".i tHIFN N
4190 FOP 19-1 M n

4211'9 IF 1-1 HUN~t PHY11T I 0"
45700 5 iA-A iwnr91110

4210 V? To/mn*f
4215 FQ9994I "PA 0 *. t "IT

42, NjFy I
4'70 PRINT "PA 9 109 TI f
4725 Nnnfl
4,.40 FOP I. -IlO C. .
4745

1
, 9VjlIX -

47"0 IF T-r.,9 THIN MNn-I

Copy a~virlble, to DTIC d not
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47SS FOR i-I TO No
4 -70 IF J-1 ThEN PRINT 'T1 0
4765 IF J'I THEN PRINT " TL 0 I"

427-; Y-1GT0Xe/PInl.Sf.

4286 PRINT *PA"sX,* So, XT*
4105 NP4? .I
4,'90 IIFT I

4299, PAINT *PA 100,10e PIJ PA 88.8 Pfl
4308 Nn.9
436S FOR T-1 TO Cv*1

4318 aV*YM-r.0<f1-11
4319 IF I-Cy4I THN Nn-l
4326 FOR J-1 T-fl Nn
4.37S IF J-1 TI4FN PAINT 'TL 8 2'
4330 IF Jl TlFNl PRINT "TL 0 1"

4740 Y-1 T(Ya4/Y~in iSfy
4345, PRINT *PP FA I@@,' i.11-
4350 14EXT J4

4 MI, NFX1 I
43s0 PRiI4F PA 100180 Pir
41i %q 1J rpm PA (A -2 '8 i.

4175; FnR 1I-I TO (.I
47991 '4a-X.n.1(I-I)
43783r X-.T(3.i/1H.,nlSfx
4!8(A PRI14T 'PA',X,',@1;

4391, IF 11 -0 21(814 P81141 "r.P-*-2[I8R ,fli
4400 IF 1i:@ TH*N PRINT rp -2118R8,g ,Ii
440r5 Iilifl
4410 NE11T I
4415 PAINT? 'PJ PA 0.0'
4420 fi-trT(Y..,n)
447r, Y16-I8
4413 FC'R I-1 TO rv-1
4435, Y-Y~.,n.I0*1-1)
4440 Y-tr.T(Y,/Ymifll*S.
44413 POINT 'PA 07*s,**
44r@ PRINT 'CP -,. S8iP~R -2.2sLP;ias
4455; I1-i+1

44610 NFkT I
44fir5 PFEP
447P TNPI? WAN I U78 OFM 11 T I A13FI q I IY O-.N7 Id I
4475 IF 1,41 1I T14FN
44FIR PrFP
44415 INPIJT FR 4-1. AREI 1, I I~l
A490 BFFP
4491; ITH11T FNTFR f -1 APF1 h- 15I
4508 F NO I F
4,01, IF On 2 THEFN
4410 PRINT 'qR I ,2PII PA 40 -141
41 P11 PIt I' iTPn I1.5 A, T . 3 1 pI. a i PIpp .- 4 1 %n i PR .S,11
V45'F n PI N I "1 1 r .-5u1 P %A i FR A ,,Y
v; 7 IF I ,'I HF1J
4rto rPINT "t.sl fK)
4q!9 Fl :F
4540 Pf3t11 '[P) (F
4545 P10 'F
45q@ FN?' IF
4S5 1,CMr r,1,n- '2 TIPI
4,'60 IF I..,s*P T14rN
41G1, rp1111 -R I P I'I f 401 i4g P. (W- 1 Ml I I .. I1 0. ,1101253 1.5.2;PR

41;70 W' 
7
F

41,75 PIM11 25 iS2Ptl PA ,4 1 A 0 An At.,,'hriPR S5 c,1 A. iPR .S-Si
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4589 PRINT -LBftiPR SIsSR TI1.5tl.82iSqR I.5,21PR .S-lvLSl.i'

458S ENO IF
4599 ENfl IF
49 IF Opo-f THEN
45010 IF Iun-9 THEN
4585 PRINT 'SR 1.5,2ePlH PA -1240)tl @.ImiBo (U/mvPR -I.O.SiSR IT.St102,SR I

.S-IsPR I*.5.LBT"
4510 ELSE
461S PRINT 'SR l.S,2&PU PA -12,32i01 S,1u19Q (Stuj/hroPR -.S,.SiLB.oPR .. :

4520 PRINT 'LifttSR I .1.StPR -l ,.SiLB2iPR I *.5SRS I.S,2iLR)'
4625 END IF
4630 END IF
4635 IF Opo.9 THEN
4646 IF Iun-0 THEN
4645 PRINT "SR I.S,2iPfJ PA -12,3810I GIiLON TWfid/PR -I *.StSR I.I.SiLe2:SR 1.

5 ZIPR .,S
46S0 PRINT 1.8. iPR SSt~1eF.
46155 ELSE
4666 PRINT *SR I.S,2,PU PA -12,28sDIOl@IoLBht (Btu/hriPR -.5..SiL8.iPR .5..5m*
4665 PRINT *LPf'toPR -1,.Si5R I,I.SiLB2iSR 1.5,2iPR .5,.SsLB.iPR .5,.StLBFI"
4670 END IF
4675 END IF
4680 IF I,11-6 THEFN
4685 PRINT "SR 1.5 .2mPU PA 50-SCP":-IENTBlabeISI/2"0:*OLB'gXtabeIS,""
4990 PRINT 'PA -14,50 CP 08,-iEN IeabeIO)/.5,"DiI 0.IaL11.8 eI:"
4695 PRINT 'CP 0.0 01'
47QI0 END IF
4709 Ionn4
4710 Reveat:i

4710 XI1-Il.Ef6

4729 Ictn0
4770 BEEP
471S INPUT "WANT rO PLOT DATA FROM A FILE TI-Y,8.NTI",OI,
4740 IF Ok-I THEN
474S BEEP
47S0 1IJUT "ENTER THE NAME OF THE DAT1A FILE" .0-ft r
47SS ASSIGN V~ile TO D-ftef
4760 BEEP
47E5 PEEP
4770 INPUT "ENTER THlE EFGIT:NIN'; RUN NUMOER" Md
477S BEEP
4780 INPUT 'ENTER THE NIIMBI-R OF X--Y PAIRS STORED- ,Npairs
478S BEEP
4790 INPUT 'COI4IErr DATA WITit tINE T -Y,O-N)9" IcI
4795 BEEP
49911 PRINTER IS
4BPS PRINT USING "4X,"Selet A symbl:;-
4810 PRINT US ING '6X,"" S t1 ir PIu s sgn*"
4815 PRINT USING C i"" Cr c Ie 4 Souc. a""
4920 PRINT USIN 1168"S R.is"
4pzs5 PR InT USING "6X,""6 Right-side-uo triangle .."
4910 PRINT USING *GX,**7 Ilo-sirle-town triangle"...
4e35 INPUT SVm
4848 PRINTER IS 705
48I45 PRINT "PU DI"
11150 IF S~m-1 THEN PRINT "SM."
49S9 IF Svm-2 TITIN PRINT "S3M'
4860 IF Sv.M3 THEN PRINr "SMo"
4865 IF Mdl1 THEN
41370 FOR 1-1 TO (Md-IT

4875 INTER *:iletYa.13e
4880 rlITT I
4F"05 END IF
4890 FOR 1II Tn Nvairs
4895 ENITER *Fi~eiYa.Xa
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4900 IF Cpa-I THEN Ya-Ya/Xa
4905 IF Opo*2 THEN

491S Ya.Ya/Xa
4Ve KaOc
4125 ENO IF
4930 IF X&(XI1 THEN XII*4a
493S IF Xa>XuI THEN XuI.xs
4940 IF Iun-I THEN

494S IF Cvo' THEN Xa-Xa-..l6
4956 IF Ooofl% THEN Ya-Ya-.1761
4955 IF Cpa-fl THEN Ya-Ya-.317
4960 IF Oaa-Z THEN Xa-Xa..317
4955r ENDO IF
4976 X-LGT4X/Xt~nl.5f,
4975 Y-LGT(Ye/Ymin)eSf,
4986 IF Svme3 THEN PRINT sm"
4965 IF Sym,

4 
THEN PRINT *SR 1.4.Z.4'

4996 IF 1c160 THEN
4995 PRINT -PA-,x Y,
5(06 ELSE
5605 PRINT 'PA.XT,,'P
5616 EIO IF
5015 IF Ss'nf3 THEII PRINT *SR14I.2,1.6'
5626O IF Sy.-4 THEN PRINT U249,,640846
5625 IF Sypi5 TMEN PRINT U369.3-,,,.,.6
5630 IF Sym-6 THEFN PRINT 'LC6..9..8-, 36

S035 IF Syn-7 THEN PRINT 'UM6-S.3,9-..,-,
5040 NEXT I
5045 PRIT *PU
5656 BEEP
5655 ASSIGYN O)FIe TO

5-090 XII-l1II/1.2
5695 4u1

4
XU1.I.2

S6761 GOTC 8646
S07S ENO IF
Sea3 FR(xr *pu sw
5685 BEEP

E096 INPUT *WANT TO PLCT A POLYNOMIAL (I-Y,6.N)
7
",Goaon

5695 IF So-nI THEN

5165 PAINTFR IS 1

Sit@ PRINT 11NG "
4
X -eIet line tP...i

5115 PRINT USING '6X "11 SlIid line .
5120 PRINT 1ISIN', "X "I no.,hed..

5125 FAINT U'SING S** ... S Lone line - 0ah*
5;30 INPU T Iaon
51-15 PRINTER IS 765
5140 RFEP

SIAS INPIJT *5ELECT (1.1IN I. Or, , Y I eq
S58~ IaDrn II
5155 CALL Rely
5(66 FOR Y. *6 TO C, STEP ;G

5170 IF Na X11 OR goXul T14EN 53!00
f;1 TS frn.Icnil
Slipe P".0
5319 ir Inn-I T14FN Id?.I.:n MnaO
sige It, lon2 I,4TN IrIT-Ic,, MVlT 4
Sill, IF Ion-! THUN Idf-Icr MrlI f1
5206 IF Ian'.4 TMEN 1.1f-len MI'! IS
SZPI) IF ton9C MIENJ ldfIlm "M 'P
S216 IF Idf-I IIIFN P-I
52)q3 IF Ove-0 TH1EN YO-F ?IP5I 0 VAIl
5276 IF cinen A~n flog-@ TNFN i-XaFN~PIn(Sel
5225 IF Cpn-2 ANO lugIQ- SHillt d-FNPoIvi

t
ei
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S20IF Ium-1 THEN
5 245 IF Ooa 2 MHEN Xa4a.i.a
5256 IF Oco'S THEN YO-Ya-.761
5255 IF Doll-S THEN Ya-Ya. .317
5266 IF 0o2 THEN Xe-Xe..317
5265 END IFp SZ76 Y-LGr(Y/ynin)lfl)5v
527S X-L6T(Xa,'Xminl.SF

4
5286 IF Y 0 TH4EN Y-0
5285 IF Y 100 THEN COTO 5368
5296 IF Pu-0 THEN PRINT 'FA".X,Y,*PU*
5295 IF Pu.-I THEN PRINT -Pn-,.Y-PU-
5380 NEXT X,.

5385 PRINT 'PU'
S316 END IF
5315 BEEP

rw 5328 INPUT 'WANT TO DUll II-Y,08N)-,Iqt
S32S~ IFIq- THEN S335

S35PRINT 'PJ PA 4,0 SPO"

53S FF1Hooth(XBovoIst I

S30DIM, %S8,S~D5355 DATA .02,232.IBS 53 98 .65
5360 DATA 755752.~0 1' 87 46
S365 DATA .19,175.54.4889684
1,370 DATA .

7
I
4
0
3
,.?

2
513..7 65 S.696691 66GS57, 61885

S375 READ A- ),flC ).C.),DO.)
5380 IF Boo'S THEN 14.ep
S365 IF Boo-6 THEI 1-4
S7,90 IF Bag-I@ TIIEPI I-5
539S IF Tsal-I THEN
5466 4 -EXP(A I )18(I )LOG()

k 5405 ELSE
5410 I4s-EXP(CI I)#l( I '.LOGC ))
S4 15 END IF
S428 RIETURN Hs

94.-S FlIENO
5436, DEF FNPolv(X)
5435 CCII /C~piv/ A(16.161.Cfl6, .8(41 Nag lam) oc Iflog%
5440 xL.x
5445 roly-8(9)
5450 Frn 1-1 TO Nog
S55 IF flog-I THEN XI1106t(,
5468 Poly-PoIy+g( I ).XI

S465 NEXTI

-s SUB Poly
5490 Dln I 1I),S( 10 lSvl 12 )S,5I jet, 108y,( lee~ I
S49S CDI 'Coly/ A( It.)C 0l~f(4 N lortOco ,I lo

5505 FOR 1-0 TO 4
!510 I aal).@
5515 NExT I
SS20 BEEP
'Z25 I ?PU I 'SELECT (e FILE IKEYDDATD,2.PPO6RAM) ,I.
S538 IM.IF.41
7935 BlEEP
S r 46 IN0 Mr~ENTER NUMBER OF X-Y PAIPS".N.
ss-i5 IF lm-l THEN
rl556 BEEP
5555 INFPU T -ENtIR DATA FILE NAF(TI .0 ftjeS
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5560 BEEP
5565 INPUT "LIKE TO EXCLUDE DATA PAIRS 1 N),e
SS70 IF led-1 THFN
S57S BEEP
ssee INPUT 'ENTER NUMBER OF PAIRS To BE EXCLIUOEO .pe

5585 END IF
5590 ASSIGN OFile TO 0-filel
559S ELSE
r.60@ BEEP
560BS INPUT *WANT TO CREATE A DATA FILE (1-YO-N)7 ,Yes
S616 IF Yes-I THEN
SGIS BEEP
SB09 INPUT *GIVE A NAME FOR DATA FILE Djilell
SGZS CREATE BOAT 0 filell S
5630 ASSIGN *Ftle TO D-flofi
SBG7S END IF
-641& END IF
S-AS BEEP
S56 INTI 'ENTFR TH4E ORDER OF POL eNOIIAL ft
S65S FOR I-0 TO N-2

5670 NEXT I
SS75 IF led-I AND I.-I TH4EN
5680) FOR 1-1 tO Toe.

56ES ENTEA *iFiesX,Y
50~0 NEXT I
5699 ENV IF
1.709 FOR I-1 TO Plo
S78S IF In-f 1HFN
S716 IF Oo2 THEN EATER CFiIeCI.
S715 IF Ooo'Z IHEN ENTER fFilecY,X
S570 IF Ilog-I THEN
572 wX!Y
573D X-LLHT(X)
S7'13 Y-LOG(Xt I
571fl Elmn IF
S745 END IF

S7OIF Im-2 THEN

S755 eEEP
S760 INJPUT "ENTER lACY I X- 1AIR" 6.V
5765 IF Yes-I IHEPI clUPUT @Fdei,Y
5770 END IF
5775 IF Int 3 THEN

I 57E5 Y ( I)IY
5790 ELSE
S79S X-XoUI-Il
5660 6-Yal I-t
5685 END IF
5810 RIO)-Y
SE15 Sy0SI)Y
586 SI I-
58:5 S,. ()-S, I (.x
5,830 FOR I-1 TO NI

50145 NE(r J

5855 S(J).qJ-tI .6

S5665 NEwI J1
5S(70 1(611 r
5675 IF Yes-I AND [n-2 TIEN
98110 BEEP
51"5 PRINT i1191110 I7.O. -fY oeiri were stored in file -,I0A;iNo.O-ftIe6
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5890 END IF
5095 S.Ae) -No
S909 FOR 1-0 TO N

5910 FOR J-0 70 N

59,"@ NEXTJ
5925 NEXT 1
5930 FOR 1-0 10 N-1
S935 CALL Divdeil)
5946 CALL Subtract)4)
594S NFAT I

Sg9,S FOR 1-0 TO N-I

59155 FOR J-0 TO I
5970 D-IIB(--I1AN)INJ i*8i-JI1
5975 NEXT

S99S NEXTI
S990 'PRINTER IS 701
595 rPInr 8(-)
GOO 1PRINTER IS 70',

6001i IF Iort0 THEN
6010 PRINT USING i,,x,-ExmSJFNT COFFFICIVIT .
60)5 FOR I' 0 TO N
15020 rRTNT 11SING "ISX,DO.GXJIO.7OEjI,8)I)
15025 NEXT I
5010 PRINT
6035 FRINT USING 'QX.-DATA POINT X Y Y(CALCIIIATEOt DISCR

ErANCY-

60409 FOR 1-1 TO No
6045 YcBIBI)
(656 FOR 1-1 TO N

6055. Vc-YcfB(J)N' IIIj

6W6 NEYTJ

6070 FRINT USING SX34.IO5E)LXIYI.TD

607S NEXT I
6080 END IF
W09 ASSIGN Vile TO

6096 StIBFMO
s035 Still Di,d.U
6100 CO)' 'Coly/ Al llOIC(I 0,014 INlornt Opolflog
6)05 FOR 1-)) TO N
P1110 Ao-AIIHI
6IIS FOR J-M TO N
6)20 AI J )-A( 1.3 IAo
61.'S NEXTJ
6130 17(I1 )C(II/Ao
6)25 NEXT I
SI-IA0 SUBETI)

6145 Still Sujbtra~til

1 1 s FOR 1I-Y TO I)l
6160 FnR JK)TO N

616r, AtII.J)-A(E-1 +)-AlS )

6170 NEXT J1
G)75 CiI I C(E) I ) C(I)

* Gig@1 Frirx I

* . I6)9 CUT) /Coly/ AU 10l10)I0112) 8(4).N.Iorn) .Upo.IIo~g

620)9 C)) /xvvi .SIYS
13201, PRINTER IS 705
62)0 BEE)P

Cop 0 .ci~blE, to DTIC C
javcM legible 10
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62)5S INPUT 'SELECT (0-lh/hO% 3A~ t.be,Ih(HF 1/h) s-)',Irt

6220 DEEP

6Z,25 INPUT WCNT%.t Il-6.7.0-2.2)".Isat

67230 Xjkfn

6240 xtep-2
62-4S IF Irt-6 THEN
6250 T'ulnO

G460 Ysteo-.Z
6-265 ELSE
6270 Ymin-0

6275 Ymex-I6
6200 ysteo5s
6295 END IF

6290 BEEP

6295 PRINT *TNSPIIIP20,2'080603
6300 PRINT *SC 0.)00,0,100%TL 2 01

631S PRINT "PU 0.0 PO'

6320@ FOR Xa-Xmif TO XmaE STEP Xstea

6325S <((-mjn).Sf,

6330 PRINT 'PA":X,.@t )( Ts"

6335 FNEmT xa
6340 PRINT "PA I00,0.PUv'

6345 PRINT *PU PA 0.0 PO"

6350 FOR Ya-Y.lf TO TMav STFP Ystea

63S5 Y-)Ya-Ytn)-)STY
6360 PRINT 'PA .',n
6365 NEXT Ti
6370 PRINT "PA 0,100 TL 0 2-
6375 FOR X&-Xmin TO xme., STEP Xiteo
6380 X-lXa-Xmin)-Sf'
6"S5 PRINT "PA";.*J@@ 101T*
6330 PIEXT T(a

6395 PRINT *PA 100,100 PU P6 10~0 0 PO"

64110 FOR ',a-Ymmr TO Yma, STEP' YsteO
6405 V-(X,-YMA)SGfY

6410 FRINT "PO PA 100," Y.-YT"

6420 PRINT 'PA 100,100 FU"

6425 PRINT "rA 0,-, SR '52

6430 FOR xa-Xmin TO XmB., STTP Xstea

6436 X-"la-min)-Sf'

64-10 PRINT "PA* iT .0t
6445 PRIIIT "CR P -;0;a'

64S0 NE)'T xa
6455 PRINT "PU PA 0,0"

6460 FOR Ya-YmhIr 10 Ymax STEP X5tea

6465 IF AMY1 :) I.E-S THIEN Ya-0
6470 Y-(Ya-YMl)SfX'
6475 PRINT 'PA 0"Y"

6460 PRINT 'CR -- 'S#.25,L"Y"...

646S NIEXT Y.s
6490 Xiabeill'04I Percent*

649G IF IrtQ TIIEN
6500 Y~abeIS" l.h0%'i
6505 ELSE

6510 YlabelS."'hh5oOth'
6615 EPID IF
3525 PRINT ,sR l.s.:cPU PA 130 -20 C"lE1AdI'r ;XlaTIbeIl"

I5:S PR INPT 'PA 1,50 CR '-F(PbI)2'6O 
IL"YaeB"

lisle ptRIN aC 0V0

653S Ion-a
17640 BFCP

Copy available to DTIC does aot
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6S45 INPUT "WANT TO PLOT DATA FROM A FILE 1l-Y.0-Nt,O~o
6556 Icn-0
6555 IF Dip-) TH4EN
6566 BEEP
G56S INPUT 'ENTER THE NAME OF THE DATA FILE",0 file$
6570 BEEP

657S INPUT *SELECT (@-LINEAR, I1L06(X,Y('.Ilog
6586 ASSIGN VFile TO 0-fileS
6S85 BEEP
6590 INPUT *ENTER THE BEGINNING RUN NUMBER*,Md
6S95 BEEP
6606 INPUT "ENrrR THE NUMBER OF X-Y PAIRS STORED',Npairs
66PS BEEP
6610 INPUT 'ENTER DESIRED HEAT FLUX .0
661S BEEP
6620 PRINTER IS I
6675 PRINT USING "4X."Select a symbo:-
6630 PRINT USING *4X,** Star 2 Plus sigv.-
663S PRINT USING '4X.'"3 Circle 4 Square-
6640 PRINT USING "4X.-S Rombu"'
664S PRINT USING '4X.*" Right-side-uo triange-
66SO PRINT USING *4X,'-7 Uo-51de-down triangle-
G6SS INPUT Svi
6660 PRINTER 1S 70S
6S6S PRINT 'P1 01I
6670 IF Svm-1 THEN PRINT "SM."
6675 IF S~P.-Z THEN PRINT *S?+"
6620 IF S r.-3 THEN PRINT 'Sflo
66eS Nn-A
G60 IF Ilog-1 THFN NnflI
6695 IF Md'f THFN
6786 FOR 1-1 TO (NMj-ti
670S ENTER *FiLewXaTo
G710 NExT I
671S END IF
67:6 0i.O
67Z6 IF Ilog-1 TH1EN O-L.O(O(
67ZO FOR 1i* TO Noeirs
673, ENTER 4FileiXa,8(.(
6746 Ya-8l0t
674S FOR K-1 TO tin
67S0 Ve.-Ya4B(t11.O
615S NEXT K
6760 IF Ilog-I THEN Ya-EXP(Yal
6765 IF flog-@ THEN YaOI1/Ya
5770 IF Irt-0 1HEN
6775 IF Xa-0 THEN
6780 Yo-Ta

* -6795 Ya-(
67'30 ELSE
67553 Ya-V'a/Ya
6800 END IF
6805 ELSE
6810 Hsm'-FN~sooth(O,Xa,Isat)
691S Ya-Ya/Hsm
68Z6 END IF
6025 X.:I-:HXa
6820 'Y( I - i.T
6835 X-(Xa-x.1ni.Sf,
6840 Y-(Ym-Ymin(*SfV
6e4'3 IF S..' 3 TIN PRINT MN
SOSO IF 5 e 4 ThEN FRINT ",;R ,4,:4"
6SS FRINF *PA'.XY.
6660 IF S,r .3 THEN FRINT 'SR 1.:.2I6'
666S IF Ssm-4 TH4EN PRI1lY '(C.4.99 O.-B.-4.0,0,9 4.0,o"
6870 IF S -S 1((Eli PRINT TeLC 0 9.]- 363636

pelmit lully legible ieploductiofl1a
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6675 IF Sym-6 THEN PRINT "UC8,S.J,99,3,-6.-6,8,3,"
6886 IF Sym-7 THEN PRINT "UC8,-5.3,89,-38.6,-3,-8i"
.88S NEXT I
6090 BEEP
6895 ASSIGN V~ile TO

6980 END IF
699S PRINT "PU SM" "--

6916 BEEP

691S INPUT "WANT TO PLOT A POLYNOMIAL (t-Y,08N)?",Op
6920 IF Oko-l THEN

692S BEEP
6930 INPUT "SELECT (0-LINEAR.I-LOG(X,Y))" ,IIo9
693S fornt-I
6946 CALL Poly
694S FOR xa-Xmin TO Xms., STEP Xstea/Z5
6950 [cn-[cn*l
695S Va-FNPoIl.)(s)
6968 Y-(Ya-YmLn)Sfy
6965 X-(Xa-X4in),Srx
6970 IF V..0 THEN Y-0

G1.79 ir Y 10 T11EN 60TO 7825 ,
6988 Pu.

6185 IF !on-I THEN Idf-Icn MOO 2
6390 IF lon-2 THEN ldf-lcn MOD 4
6995 IF !on-3 THEN Idf-Icn MOO 8
7086 IF on-4 THEN Idf-Icn MOD 16

788S IF Ion-S THEN Idf-Icn MOO 32
7010 IF Idf-I THEN Pu-1
7015 IF Pu-a THEN PRINT "PA" Y,"PO"
70Ze IF Pu-) THEN PRINT "PA" .,Y. "PU"

702S NEXT Xa
7038 PRINT "PU"

783S Ian.-Ion+ I
7848 COTO 6540
7845 END IF
7056 BEEP
7605 INPUT "WANT TO QUIT (l-IY-N)?*,IQuit

7868 IF Iquit-I THEN 7078
7865 GOTO 6548
7078 PRINT "PU SPO"
7875 SLOENO
708 SUB Stats
708S PRINTER IS 701
7898 J-0
789S K-8
790 BEEP

718 INPUT "PLOT FILE TO ANALYZE
?
" ,File-

7110 ASSIGN OFile TO rile$
7115 BEEP
7I' INPUT "LAST RUtl No?()"UIT.Nn.-
71Z5 IF Nn-0 THEN 738S
7130 ,n-fln-J
7135 S-0
7140 S G

714S S:-6
715e S-.5-O
71S5 9's-J
71q@ 5:%-@
7165 FOR I-I TO Nn
7178 J-J "

7)7S ENTER 8F:IetO,T
710 HQ0ir
7185 SS+0
7190 S,-5T-S0 2
7195 S,-S),*T .. :

7Z60 Sv3ys'.T "

107 Copy avaucible to DTIC does n.dt
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7265 Sz-SZ+H

7216 Szs.SzsW~2
7:15 NEXT I
7220 0.v -Sx/Nn
72: 5 T e*SY/Nl
7:30 Hov:;z/Nl
7235 5d. SOR(ABS(NS2/(f(N fl 4)

72'49 SdevtSOR (ABS ((NI" S, S Y 2 /NFI.(Nv-I1

7245 Sdeyh-SOR(ASS((Nn*S:S-Sz 2)/(Nl(NlI I)
72S0 S1h I00.5devh/.'ae
755S SoI0as de'qaa'e

7260 St-100.Sdevt/Ta~a
72,65 IF K-1 THFN 7255
7270 PRINT
7275 PRINT USING *IIX.-OATA FILE:- *I4A'sFaIq9

7280 PR INT

7285 PRINT USING '11X,-RIN 14tube Sde"H Oda SdevO Thetab SdevT**

7296 K-I
7295 PRINT USING lXO2XO3EI.O2l2.O3.X3.OJN~.hQv
.SQ TaeeSt
7300 GOTO 7115
7305 kSIGN #Filel 10
7310 PRINTER IS I
7315 S11BEIO
7320 SUB Coef

73ZS CON ICpivI AIl,0l0IC161,B(4).N,Iprlt,OoofoO
71,M PEEP
733S INPUT *GIVE A NAIIE FOR CROSS-PLOT FILE',Cpfl
7:40 CREATE WVAY Cof$,2

734S ASSIGN IF31. TO Cof$
7356 BEEP
73159 iPUT 'SFLECT 10.LINPARIiIOGIX,YI' flog

7360 PEEP
736S INPUT 'ENTER OIL PECEUT (-)-ST0P)1 BoP

7370 IF Bop-0 THEN 7390
7375 CALL PolV
7360 OUTPUT Qrdleveop,8I.I
7385 Garo 7360
7350 ASSIGN Sffl 10 r
739S SUSENO

Copy avciikble to DTJC does not
permit fully legible reproduction
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APPENDIX C
CONPGTEN-CONTROLLID VALVE PROGRAM

The computer-controlled valve was controlled by an

Octagon Systems SYS-2A microcontroller. The SYS-2A is a

complete computer system on a single card and requires only

a 5 volt supply for operation. The SYS-2A has provisions for

4, 2.5 volt AID data inputs and 8 high current digital

outputs. The card was configured as shvon in Table 14 below.

TABLE 4
. ik Configuration of SYS-2A 1/O Channels

Daa nqt C hannel Purpose
#*A 0 =8 Valve position

a1kbo = 9 Liguid R-114 Temperature

Data Output Channel Pur ose
3A1108 Shut Val e Relay (0=stop 1=shut)-
H1A01 Open Valve Relay (0=stop, 1=open)

The proportional-integral-derivative control program

below was written in NSC "tiny BASIC." The SYS-2k microcont-

roller operator's manual includes an appendix of tiny EASIC

commands. Remarks are provided below that were not in the

actual program (to minimize execution time) for clarity. The

program was stored in EEPROM added to the card after program

debugging was complete.

10 Let 1=15:Let B=S:Let C=10:Let F0O:Let 1=0 Initialize .

15 Let @#100=O:Let &#AOi=0 Stop Valve

20 Print"Set Constants(1=Y,0=N)?":InpatQ

30 If(0=0) then GOTO 60

40 Primt"A,B,C,G?":Input E,J,K,L

50 Let 1=H:Let B=J:Let C=K: Let G=L

60 Print"Input Desired Temp (-1 =End)": Input R Enter Temp
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70 Let 3*Al0=9:Delay 2:Let M=16*&#A11+3#A12/16 Read Channel 9
80 Let 3#A10=8:Delay 2:Let P=16*3#A114aBAl2/16 Read Channel 8

90 Print"Temp=",M,"Pos=",P

100 If(R<0)then GOTO 800 Exit Program

200 Let a#A10=8:Delay 2:Let P=16*@#A11+a#A12/16 Read Channel 8
210 Let S=0 Ave 10 Readings

220 For N=1 to 10 Step 1

230 Let 3#AlO=9:Delay 2:Let M=16*a#k11+a#A12/16 Read Temp

240 Let E=M-R:Let S=S E Error; average

250 Next N

260 let E=S:Let D=S-T:Let F=E Error;Derivative

262 If (E<0) then I=1-1 Integral

264 If (E>0) then 1=1+1 Integral
266 If (I<-31000) then I=-31000 Binary Limit
268 If I>31000) then I=31000 Binary Limit

270 Print"N=", "E=" , -D=-, D,-I=-,I
300 If (E<-1000)then GOTO 600 Control Band

310 If (E>2000) then GOIIO 700 Control Band
400 Let V=(E/A)+(B*D)+(I/C) PID Value

410 Print"V=-,V,"ET=",E/A,-DT=",B*D,"IT=--,I/C Debug Tool

420 If (V>0) then GOTO 500 Above Desired

430 Let V=V*(-1)*G Shut Faster

440 If(V<l) then V=1 Check

450 If(V>1040) then V=0 Delay Function limited 1-1040 entry

460 If(P<150)then V=15 Slow Valve near end of travel

465 If(P<50)then V=10

470 If(P<20)then GOTO 200 End of Travel Limit

480 Let 3#A00=l:Delay(V):Let 3#AOO=O Shut Variable Time

490 GOTO 200

500 If(P<2500) then GOTO 200 End of Travel Limit

510 If(V<1) then V=1 Check

520 If(V>1040) then V=0 Delay Function limited 1-1040 entry

530 Let 3#AO1=1:Delay(V):Let a#AO1=0 open Variable Time

540 GOTO 200

600 If(P<20)then GOTO 200 End of Travel Limit

110
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610 Print"600 loop" Out of Bound Warning

620 let 1=0 Max valve shutting speed

630 If (P<250) then V=50 Slow near end of travel limit 0.
640 If (P<150)then V=15
645 If(P<S0)then V=10

650 let 3ati0=1:Delay(V):Let Mf00=O Shut Valve Fully

660 Let 3#A10-8:Delay 2:Let P=16*atall+a#112/16 Read Channel 8

670 GOTO 600

700 If (P>2500) then GOTO 200 End of Travel Limit

*710 Print"700 loop" Out of Bound Warning

720 Let 3#A01=1:Delay 0:Let &aiOii1 Open Valve Fully I

730 let a#A10=8:Delay 2:Let P=16*8All1.a& 2/16 Read channel 8

*740 GOTO 700

800 END

L7
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&jPEND D
EZiEPLES OF REPRESENTITTIE DkTI RUNS

The two printouts below are samples of the output of

DRP2. The first printout (WH79) is for the smooth tube at

high heat flux with 0 percent oil. The second printout

(HP101) is for the High Flux tube under siziliar conditions.

Month, date and time :03:2S:21:02:18

NOTE: Program name ORP2
Disk number 0 62
Old file name: WH79
This data set taken on : : 11*2e:,z: S
Tube Type: 4

Data Set Number - I Bulk Oil , - 0.0 02:l1:13:16:18

TC No: 1 2 3 4 5 1 7 "
Tena : 16.42 14.69 14.61 IS.00 14.67 14.91 11.79 14.74
Twa Tltod Tliod2 Tvaor P3et Tsumo
25.23 -2.26 -2.20 -.63 -6.31 -17.7
Thatab Htube Odo
16.935 S.704E#03 9.66SEE 04

Data Set Number - 2 Bulk Oil Z 6.0 2:20:13:19:35

TC No: I 2 3 4 S 6 7 6
Tema : 16.48 14.60 14.54 24.93 14.S2 14.74 26.69 14.67
Twi Tijad TlkodZ Tvaor Psat' Tsuno
2S.2S -Z.27 -Z.10 -1.44 -6.32 -27.2
Thetab Htube Oda
16.866 S.745E+03 9.689E+04

Data Set Number - 3 Bulk Oil % 0.0 2:10:19:5

TC No: I 2 3 4 5 6 7 "
Temo : 26.48 14.56 14.52 14.95 14.S0 14.67 16.62 14.67
Twa TIiqd TIad2 Tvaor Psat Tsumo
IS.22 -2.27 -2.13 -I.51 -6.32 -17.0
Thatab Htube Oda
16.840 5.760@+03 9.7@2E+e4

NOTE: 03 X-Y pairs were stored in plot data file PWH79

OATA FILE:PWH79

RUN Htube SdevH Oda SdevO Thetab SdevT
3 S.736E+03 .51 9.683E404 .22 16.890 .29
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Month, date and time :03:ZS:10:03:26

NOTE: Program name ORP2
Disk number -02

Old file name': HFI81
This data set taI~en on : 011:16:19:06:52

Tube TVPe: 5

Data Set Numrber - I Bulk Oil 0 .0 02:16:19:31:02

TC No: 1 2 3 4 5 6 7 a
Temap : 5.52 2.63 3.76 4.57 3.93 4.52 7.31 4.17
Twa TILqd Tliqd2 Tvapr Puat Tsupp
4.55 -2.14 -1.87 .37 -6.20 -15.7

Theteb Htube Oda

3.370 2.881E+04 9.440E4-04

Data Set Number - 2 Bulk 0i1 % 0 .0 02:16:19:31:16

TC No: 1 2 3 4 . 6 7 a
Tema : 5.54 2.65 3.76 4.S7 3.93 4.53 7.31 4.18
Twa TlIjd Tliqd2 Tvapr Psat Tsump
4.56 -2.14 -1.96 .32 -6.26 -15.6

7Iietab IHtube UdP
3.379 2.792E+04 9.433E+04

Data Set Number - 3 Bulk Oil % 0 .0 02:16:19:3f:27

TC No. 1 2 3 4 5 6 7 a
Tema : 5.55 2.63 3.76 4.57 3.93 4.53 7.31 4.17
Twe Tlipd Tliod2 Tvapr Psat Tsumo
4.56 -2.14 -1.91 .26 -6.20 -15.5

Thetab Htube Oda
3.369 2.807E+04 9.4S8E+04

NOTE: 03 X-Y pairs were stored in plot data file PNFI@I

DATA FILE:PI4FIOI

RUN Iltube SdevH Oda SdevO Thetab SdevT
3 2.80E+04 .27 9.443E+94 .12 3.373 .16
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7 777

APPENDIX 9

UNCERTAINTY ANALYSIS

The uncertainty of the heat-transfer coefficient at 37

kW/u2 and 5 kW/a2 of runs WH79 and HF101 are analyzed below.

The analysis is based on the Kline-ffcClintock (Ref. 241]

method of uncertainty analysis.

The heat-transfer coefficient is:

h- qC (Z.1)
TrO at

and

T -T j* - QC Xn (D2 /Dl) -T (E.2)WO sat 2 rk L sat

where

h =heat-transfer coefficient

9C heat flux corrected for end losses
Tw average outer wall temperature

T sat = saturation temperature

Twi = average inner wall temperature
QC heat input corrected for end losses

D2 =outer wall diameter of tube

D, inner wall diameter of tube

k = thermal conductivity of wall

I length of heated surface

let

QZ n (D2 /D1 )F 2C (E.3)
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According to Kline and McClintock, the uncertainty in the

heat-transfer coefficient is:

, 2 2
5.. q\+ + (E.4)
h qc) wo Tsar)

/2 \2 1/2
6F Tsat

Wo Tsa Two - Tsat

by neglecting the errcr from the logarithmic term, because

it is small compared to the other terms, the uncertainty :of

the Fourier term (F) can be estimated as:

6F' F )2° ++ _ (E.5)....

and

Oc qc r D2 L (E.6)

which has an uncertainty of

2 1
- 'qc )+(11)2 2]2io-C (E'/ , ° )< .7):!::

c

Table 5 lists the various terms of eguations (E.1) through

(E.7) assuming all 8 wall thermocouples are used to get the

average wall temperature Twi" The data-reduction prcgram

(DRP2) used this method to calculate the heat-transfer

115
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TABLE 5

Uncertainty Analysis Terms Using 8 Thermocouples

File wH79 wH79 HF101o HF101
Heat Flux 37 kW/g2 5 kW/M 2  37 k/ 2  5 kW/M 2

6Qc 0.007 0.009 0.006 0.007.

6k
k0.15 0.15 0.33 0.33

,w-,0.0005 0.0005 0.0005 0.0005

F t er m (OC) 0.201 0.024 1.316 0.170

9, F (OC) 0.030 0.004 0.434 0.056

Ti (OC) 11.46 5.63 0.79 -1.43

T (C) -2.21 -2.23 -2.21 -2.18
sat

WI0.032 0.073 0.290 0.126
Two;: Ta

6F 0.002 0.0005 0.259 0.097

7w -Tat

67sat 0.003 0 08.150.019
vo- 0 sat

* qc 0.003 0.007 0.008 0.003
qC

6h

*h (Vi/22 K) 2660 5'&0 22300 8400
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coefficient. Table 6 lists the same terms assuming only the
center 4 wall thermocouples (2, 3, 5, and 6) are used to
calculate the heat-transfer coefficient. Comparing Tables 5

*- and 6 shows the effect of the axial and circumferential wall

temperature distributions on the uncertainty of the
heat-transfer coefficient.

The constraining error of the smooth tube is the uncer-
tainty in the wall temperature. Removing the effect of the
axial wall temperatue distribution reduces the uncertainty

by 1 percent. The large wall superheat of the smooth tube
contributes to the small magnitude of the uncertainty terms.

The constraining error of the High Flux tube is also the
uncertainty in the wall temperature, but the uncertainty of
the thermal conductivity (part of the F term) is about the

same magnitude an results in the larger overall uncertainty
of the High Flux data. The small wall superheats of the
High Flux tube al o amplify the magnitudes of uncertainty

terms. Removing the effect of the axial wall temperature
distribution makes the uncertainty in the thermal conduc-

tivity of the copper-nickel High Flux tube the constraining
uncertainty. The axiai temperature distribution is respon-
sible for about 25 percent of the wall uncertainty term, but
again the combined effect of the uncertainty of the thermal

conductivity, and low wall superheats, does not make it
wholely responsible for the large uncertainty of the High
Flux data. More accurate data could be obtained on the High

Flux surface by using a solid copper tube without a large

uncertainty in the wall resistance or an axial wall

temperature variation.

117o

. . . - -. -



TABLE 6

Uncertainty Analysis Terms Using Center 4 Thermocouples

File UH79 WH79 HF101 HF101
Heat Flux 37 k)/m 2  5 kW/m2 37 ki/m2 5 kW/m2

60C
--- 0.007 0.009 0.006 0.007

6k
0.15 0.15 0.33 0.33

6L

-- 0.0005 0.0005 0.0005 0.0005

F term (oC) 0.201 0.024 1.316 0.170

6F (oc) 0.030 0.004 0.434 0.056

(Cc) 11.34 5.80 0.44 -1.49.. wi

T (aC) -2.21 -2.23 -2.21 -2.18
sat

TW0 0.015 0.063 0.213 0.097

6?
0.002 0.0004 0.325 0.108

TWO - Tsat ..

6Tsat 0.003 0.008 0.019 0.021

6qc 0.003 0.007 0.008 0.003
qc ,

6h 0.016 0.064 0.389 0.146

h (W/M2 K) 2690 530 27800 9280

118

,e~t

E - - -- - . ' , . . . . . ' , . . ' , . . .' . ' ..,. .. . ' - -... . . . . .. .. .. . .. " . . . . . ..-. .,- -'. ..-- -. i.-- . .-. .i , - .i i i . - ' -1 i i - - - -2 i i ; - " -i i 2 i - i i - , .: : : - - -: : '



LIST OF REFERENCES

1. Arai, N., Fukushima, T., Arai A., Nakajima, T.,
Fujie,. K., .Nakayama, Y., . Heat Transfer Tubes
Ennancing Boiling and Condensation in Heat Exchangers
Cf a Refrigerating Machine " ASHRAE Transactions, vol.
83, part 2, 1977, pp. 58-76.

2. !ilmaz, S., and Westwater, J° I., "Effects of
Commercial Enhanced Surfaces on the Boiling Heat
Transfer Curve," S Publication, 1981, pp. 73-92.

3. Marto P. J°, and Lepere, V. J., "Pool Boiling Heat
Transier from Enhanced Surfaces to Dielectric Fluids,"
Journal of _eat Transfer, vol. 104, May 1982, pp.

. Carnavos T. C., "An Experimental Study: Pool Boiling
R-11 wt Augmented Tubes " Advances in Enhanced Hea

Transfer, ed. R. L. Webb eE-aI-,XS1M 7-lIT.tions,
pj~i pp.103-108.

5. Grant, A. C., Porous Metalic Layer Formation, U.S.
Patent 4064914, December 27, 1977.

6. Henrici, H. and Hesse, G., "Untersuchungen uber den
Warmeubergang beim Verdampfen von R114 uni
R114-Oi-Gemischen- an einem horizontalen Glattrchr,"
-- Kalte n-liatisierun, vol. 23, 1971, pp. 54-58.

7. Stephan, K., and Mitrovi-, J., "Heat Transfer in
Natural Convective Boilinq of Refrigerants and
Refrigerant-oil Mixtures in Bundles of T-Shaped Finned
Tubes," Advances in Enchanced Heat Transfer ed R. L.
Webb et Er,11-uficSEon-997P.Ti1;

8. Karasabun M An Exprimental Apparatus to Study
Nucleate fool 'oilnq or -Und Oil res, T.
TbeIs, -3val Osv-gra-- e-SZ5-,1- nt er ey,
California, 1984.

9. Stephan, K., "Influence of Oil on Heat Transfer of
Boiling Freon 12 and Freon 22," Proceedins of the XI
International Congress of Refrgeft ion T .-- 1,-63.

10. Chongrungreong, S., and Sauer, H. J., Jr., "Nucleate
Boiling Performance of Refrigerants and
Refrigerant-Oil Mixtures," Journal of Heat Transfer,
vol. 102, November 1980, pp.-77U5. -'-.

119"

.* . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .. . . . .- ... .. . . . . . . . . . . . . . . .



11. Jensen M. K., and Jackman, D. L., "Prediction of
Nucleate Pool Boiling Heat Transfer C.efficients of
Refrigerant-Oil Mixtures," J. of Heat Transfer, vol.
106, 1984, pp. 184-190. - _--

12. Stephan, K., and Preusser, P., "Heat Transfer in
Natural Convection Boiling of Polynary Mixtures,"
Proceedin qs of the Sixth International Heat Transfer
UonerenUe, T-rcn--o,- oT -7 , .187T 2

13. Stephan, K., "Heat Transfer in Boiling of Mixtures,"
Proceedinqs of the Seventh International Heat TransferConzer-.ce, voln , V 1,-T7, g' 3-gT7--

14. Thome, J. R., "Boiling of Multicomponent Liquid
Mixtures," Advances in Heat Transfer, vol. 16, ed. j.
P. Hartnettana T. Y.Irvne, ur, Academic Press,
Inc., 1984, pp. 60-153.

15. Cornvell, K., Schuller, R. B., Einarsson, J. G., "The
Influence of Diameter on the Nucleate Boiling Outside
Tube," Proceedjgj of the Seventh International Heat
Transfer conterence,-Minche, vo. , 1932, pp. 47-5.

16. Happel, D., "Heat Transfer during Boilingof Binary
Mixtures in the Nucleate and Film Boiling RangesX
Heat Tr .in Boiling ed. E. Hahne and a. Grigull,
N-iis~nrbTlsning, washington, D.C., 1977, pp
207-276.

17. Hesse, G., "Heat Transfer in Nucleate Boiling, Maximum
Heat Flux and Transition Boiling " International
Journal of Heat and Mass Transf, vol. ,IfT' , pp°

-T62 7.

18. Nishikava, K Fujita Y., Ohta, H., and Hidaka, S.,
"Effect of "he Surface Roughness on the Nucleate
Boiling Heat Transfer over the wide Range of
Pressure," Proceedinqs of the Seventh International
Heat Transfer CencYne-,Mun-ch-vI-, '1982, pp.

19. Webb, R. L., "The Evolution of Enhanced Surface
Geometries for Nucleate Boilinq," Heat Transfer
Engineerinu, vcl. 2, nos. 3-4, 1981, pp.-M-697

20. Milton R. M. Heat Exchange System, U.S. Patent
3384154, May 21; 1968.

21. Sauer, H 3 Gibson, R. K., and Chongrungreong, S.,_ "Influence o Oil on the Nucleate oiin o
Refrigerants " Proceedigs from the Sixth

eat -ConfereenC e, Toronto, -v=.

120



22. Incropera, F. P., and Delitt D. P., Fundamentals of
Heat Tran sfe, John Wiley and Sons, I c -m-7ew=3rI*

23. Boyer, H. E. and Gall, T. L. ed. Metals
HapdokDesk Edition, Aerica; Society of M Saa

Metas Prx n3.c,-rM:pp. 7.33-7.34.

24. Kline S. J., and McClintock, F. A., I'Describing
Uncertainties In Single-Sample Experimentsd
decanc Ip2Jineerini, January 1953, p. 3.

121



INITIAL DISTRIBUTION LIST

No. Copies

1. library Code 01412 2
Naval Postgraduate School
Monterey, California 93943

2. Defense Technical Information Center 2
Cameron Station
Alexandria, Virginia 22314

23. Department Cbairzan,.Code 69 1
Department of Mechanical Engineering
Naval Post raduate School

I r6Monterey, alif ornia 93943
4. Professor Paul J. fla~o Code 69flx 2

Department of Mechanical Engineering
Naval Post raduate School
Monterey, alifornia 93943

5 Dr. A. S. Wanniarachqhi Cod@ 69W4 1
Department of Mecanical Engineering
Naval Postgraduate School
Monterey, California 93943

6 rr;..H. Hwang, Code 27;2V 1
Davi W.Ta ylot Naval Ship Research

and Developmaent Center
Annapolis, NID 21402

7. Mr. , Helmick, Code 274 1
Davi3 U. Taylor Naval Ship Research
and Development Center
Annapolis, MD 21402

8. Ltj 1Mustafa.Ka.casabun
Hlerez Mah. Nazikoglu Sok.
No 3, D 6
Golcuk - KOCARLI
7UR KEY

9. lt James Reilly 2
1260 N. Edqemont St.
la Habra, California 90631

10. fl;. Fred Weyler1
1ieland-America Inc.1
22201 Ventura Blvd.
Woodland Hills, CA 91364

11. Mr. Elias Iai1
anion Carbi dl Corporation
P.O. Box 44
Tonawanda, N.Y. 14151

122



I.

9

0

0

i'sFILMED
0

-S.-,

* * *.. S.

7m.m85

0

47& -DTIC
.9,

tz7


